
Eng. Sci., 2025, 38, 1848 

 

Engineered Science Publisher                                                                                                                                    Eng. Sci., 2025, 38, 1848 | 1 

 

 Engineered Science  

 DOI: https://dx.doi.org/10.30919/es1848  
 

 

Active Transmission-type Polarization-modulated Metasurface 
by Tailoring Electromagnetic Wave Propagation Modes 
 

Zhe Qin,1,2 Yongfeng Li,1,2,* He Wang,1,2 Zhibiao Zhu,1,2 Lixin Jiang,1,2 Wanwan Yang,1,2 Hongya Chen,1,2 Lin Zheng,1,2 Jiafu 

Wang1,2 and Hua Ma1,2,* 

 
Abstract 
 

Active reconfigurable metasurfaces provide unprecedented dynamic and real-time control of electromagnetic (EM) waves, 
which have attracted a great deal of attention. Despite significant progress, achieving dynamic polarization modulation with 
high transmission efficiency is still a challenging task. Here, we propose a paradigm that possesses the possibility of 
dynamically switching transmission modes between the waveguide and the spoof surface plasmon polariton (SSPP) for 
tailoring transmission waves. Combined with the dispersion engineering by changing the states of the voltage-driven positive-
intrinsic-negative (PIN) diode, the phase difference of x- and y-components can be flexibly manipulated for achieving different 
polarization states in a wide frequency range. As a proof-of-concept, one of the unique states for obtaining circular 
polarization conversion with the Pancharatnam-Berry (PB) phase principle is selected for achieving a spin-orbital angular 
momentum dynamic converter. The experimental results agree well with the simulations, which verify the feasibility of the 
proposed strategy. Significantly, our work not only provides an alternative way to dynamically modulate the transmission 
polarization state but also has promising applications in holographic imaging, intelligent beam forming, and adaptive stealth. 
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1. Introduction 

Polarization, as one of the properties of electromagnetic (EM) 

waves, not only affects the propagation characteristics of EM 

waves but also directly relates to the quality of the signal, the 

capacity of the system, and the ability to recognize the target. 

It guarantees potential applications for wireless 

communication and detection systems. By exploiting 

orthogonal polarization states, systems can effectively double 

channel capacity without increasing bandwidth or power. 

Moreover, polarization agility helps mitigate polarization 

mismatch losses in mobile scenarios, reduces interference, and 

enhances signal security. From 5G communication to the 

future 6G communication, satellite communication, Internet 

of Things, and polarization technology will become the key to 

enhancing system performance. Therefore, the explorations of 

efficiently regulating the polarization of EM waves have 

emerged, which is not only of great theoretical significance 

but also will have a profound impact on the development of 

engineering applications. 

Metasurfaces, consisting of elaborated meta-atoms in a 

deep sub-wavelength scale, have attracted a great deal of 

attention in various applications. Owing to the unique 

properties that are unavailable in natural media, metasurfaces 

can be applied to achieve a lot of extraordinary physical 

phenomena, such as negative refractions,[1,2] anomalous 

reflections,[3,4] and integrated radiation-scattering 

characteristics.[5] Besides, they have exhibited outstanding and 

tailorable capabilities in modulating EM waves, facilitating 

plenty of devices and applications, including invisibility 

cloaks,[6-9] holography,[10-12] orbital angular momentum (OAM) 

generations,[13-17] and so on. In particular, metasurface-based 

polarization converters have the advantages of small size, easy 

integration, low loss, and low energy consumption compared 

with conventional birefringent crystal-based or ferrite variable 

polarizers. Over the past decade, researchers have 

1 Department of Basic Science, Air Force Engineering University, 

Xi'an, 710051, China 

2 Shaanxi Key Laboratory of Artificially-Structured Functional 

Materials and Devices, Xi’an, Shaanxi, 710051, China 

*Email: liyf217130@126.com (Y. Li); mahuar@163.com (H. Ma) 

https://www.espublisher.com/


Research article                                                                                                                                                                                Engineered Science 

2 | Eng. Sci., 2025, 38, 1848                                                                                                                                                                Engineered Science Publisher 

successively realized various forms of polarization-modulated 

metasurfaces, including linear-to-linear (LTL),[18-20] linear-to-

circular (LTC),[21-24] and circular-to-circular (CTC).[25,26] 

Early polarization-modulated metasurfaces are mainly 

passive, and once designed and finalized, their ability to 

modulate the polarization of EM waves is fixed, which fails to 

meet the growing demand for real-time and intelligent control 

in modern devices. Therefore, the active metasurfaces for 

dynamically controlling EM waves are highly desired. The 

emerging active metasurfaces typically resort to extra active 

elements, such as electronically controlled components,[27-29] 

phase change materials,[30,31] graphene,[32,33] and mechanically 

tunable materials.[34,35] Especially, tuning mechanisms based 

on electronically controlled components such as varactor 

diodes, PIN diodes, and varistor diodes have attracted more 

attention in the microwave region because of their faster 

response and higher level of integration. However, most of the 

existing active polarization-modulated metasurfaces can 

hardly prevent the framework of reflection-type, thus the 

effective strategies for modulating transmitted waves are still 

insufficient. To date, a common issue with most active 

transmission-type metasurfaces is the limitation of the feeder 

network for transmitted functions. In the realm of this 

academic challenge, various attempts to achieve active 

transmission-type polarization-modulated metasurfaces have 

emerged. In 2014, Luo et al. proposed an active chiral 

metasurface, which switches its polarization not only between 

chirality and isotropic but also between left-handed and right-

handed chirality by controlling the loaded PIN diodes in each 

meta-atom.[ 36 ] In 2019, a polarization rotator based on the 

active metasurface that can dynamically tune the polarization 

of an incident wave in transmission and achieve a remarkable 

total rotation angle range of 146° was proposed by Wu et al.[37] 

In addition, quite a few tunable metasurfaces based on 

resonator structures have been explored.[38-40] Although these 

efforts possess the advantages of real-time reconfigurability 
 

and fast response, they still have the drawbacks of either low 

transmission efficiency or limited tunable range. Fortunately, 

the strategy based on the spoof surface plasmon polariton 

(SSPP) provides an alternative option to overcome this 

academic difficulty.[22] The realization of dynamically 

switching propagation modes is expected to provide another 

route for efficient transmission polarization modulation. 

Here, we propose a dynamic polarization modulation 

mechanism based on phase control implemented by switching 

the propagation modes between the SSPP and the waveguide. 

By changing the states of the PIN diode, active control of the 

transmission phase can be achieved with high transmission 

efficiency to tailor the polarization state of the transmitted 

wave. As a proof-of-concept, a spin-to-orbital angular 

momentum dynamic converter with quasi-continuous spatial 

phase response based on the PB phase generated by the 

circular polarization conversion is implemented. By properly 

arranging the preset meta-atoms along an Archimedean spiral, 

the rotated phase distribution covering 0 to 4π is achieved. The 

states of the PIN diodes are controlled via a field 

programmable gate array (FPGA), which enables the 

programming of the polarization of the EM wave. By 

dynamically tailoring the polarization, dynamic switching of 

circularly polarized wave-carrying spin angular momentum 

(SAM) and vortices with the topological charge of l = ±2 can 

be acquired. 

 

2. Experimental 

The schematic diagram of the proposed active transmission-

type polarization-modulated metasurface is illustrated in Fig. 

1. By changing the states of the PIN diodes, dynamic 

switching of the transmission mode between the SSPP and 

waveguide mode is achieved to obtain a tailorable 

transmission phase. The OAM is generated based on quasi-

continuous phase gradients under the incidence of a circularly 

polarized wave-carrying SAM. 

 

Fig. 1: The schematic diagram of the proposed active transmission-type polarization-modulated metasurface. 
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As shown in Fig. 2a, the meta-atom consists of split square 

rings arranged periodically along the x-direction, with the 

length a and the width b, which is printed on one side of the 

dielectric substrate with the thickness h. There is a gap in the 

middle of the long strip of the square ring, and a PIN diode is 

welded across the gap. When inactivated, the PIN diode 

operates as an open circuit or a small capacitor. In this case, 

the long strip splits at the gap, and the metal structure 

resembles a plasmonic structure. When the y-polarized EM 

wave is incident, it can be efficiently coupled into the split 

square ring. The wave propagates through the metallic 

structure in the SSPP mode, and the corresponding 

propagation constant kz-SSPP is large and can be expressed as 

Eq. (1):  

 
2

2

0 02
1 tan ( 2 )− = + −z SSPP

t
k k k a e

b
   (1) 

where e is the width of the metal line, and t is the distance 

between the metal lines of the split square rings, as shown in 

Fig. 2a. kz-SSPP is proportional to the square ring widths a. For 

verification, we simulate the dispersions with different square 

ring widths a = 5, 6, and 7 mm, by the computer simulation 

technology (CST) Microwave Studio, and the simulation 

results are illustrated in Fig. 2b, where the red line represents 

free-space waves. The simulation curves correspond to the 

SSPP mode, where the wave-vector component kz is smaller 

than the wave-vector of the free-space wave k0 and decreases 

as the length a increases. Moreover, the asymptotic frequency 

moves to a lower frequency as a increases. When the 

frequency exceeds the asymptotic frequency, the SSPP mode 

will be cut off, and the transmission waves will be suppressed. 

Furthermore, the corresponding transmission amplitudes 

under the y-polarized wave incident are simulated, and the 

simulation results with different square ring widths are 

demonstrated in Fig. 2c. The transmission amplitude 

dramatically declines above frequencies f = 11.7, 13.3, and 

13.8 GHz, and the transmission waves are suppressed, which 

is consistent with the asymptotic frequencies. Therefore, the 

wave propagates through the metallic structure in the SSPP 

mode.  

On the contrary, when the power intensity reaches a 

specified threshold and the PIN diode is activated, it operates 

as a short circuit or small resistor. The long strip is connected, 

and the metal structure resembles a metal plate in the y 

direction. At this point, the y-polarized wave propagates in the 

array in the waveguide mode, and the corresponding 

propagation constant kz-wg is small and can be expressed as Eq. 

(2): 
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where g is the distance between the dielectrics, n0 is the 

refractive index of the medium, and i is a positive integer. The 

simulated dispersions of y-polarized waves with different 

dielectric thicknesses h = 0.5, 2, and 3.5 mm are shown in Fig. 

2b. The wave-vector component kz is less than k0 and increases 

as h increases. Also, the cut-off frequency moves to a higher 

frequency as h increases. In addition, the simulation results of 

the transmission amplitude under the y-polarized wave 

incident are shown in Fig. 2d. The transmission amplitudes are 

high, and the waves exhibit efficient transmission at 

frequencies above 7.1, 7.7, and 8.3 GHz, which mainly 

correspond to the cut-off frequencies of the waveguide mode. 

In this case, the wave propagates through the metallic structure 

in the waveguide mode, corresponding to the mode number i 

= 1. 

To study the working mechanism, the surface current 

distributions of the metal structure under the incidence of the 

y-polarized wave along the +z direction are observed, and the 

simulation results at 10.0 GHz are shown in Fig. 2e. When the 

PIN diode is inactivated, the split square ring works as a 

magnetic dipole, inducing the surface current to flow in the 

loop. In contrast, when the PIN diode is activated, the main 

surface current flows along the direction of the incident 

polarized electric field, and the split square ring is like an 

electric-inductive-capacitive (electric-LC) resonator and 

works as an electric dipole. Consequently, the optimization of 

the geometry of the split square ring, such as length a and 

width b, enables the adjustment of the surface resistance and 

magnetic impedance to achieve the tailoring of the 

transmission coefficient. Besides, the electric field 

distributions at 10.0 GHz are simulated to visualize the 

propagation of waves in the SSPP and waveguide modes, and 

the distributions of the electric field y component in the xoz-

plane are illustrated in Fig. 2f. When the PIN diode is “off”, 

the incident electric field y component is coupled to and 

confined entirely near the square split rings, and the wave 

propagates in the SSPP mode with a small wavelength. 

However, when the PIN diode is “on”, the incident electric 

field y component is coupled into the waveguide with a large 

wavelength. 

Switching of modes between the waveguide and SSPP can 

be realized by simply changing the state of the PIN diode. 

Because of the nonlinear dispersion relationship between these 

two modes, the transmission phase difference Δφ can be 

tailored in a wide frequency band by designing the dispersion. 

The wave-vector component kz-SSPP in the SSPP mode is larger 

than the wave-vector component kz-wg in the waveguide mode, 

which means that the phase of the SSPP mode is always 

advanced over the waveguide. Therefore, Δφ can be expressed 

as Eq. (3): 

wg( )
− −

 = − SSPPz zk k b                         (3) 

By optimizing the geometry of the meta-atom, such as a, g, 

and h, the waveguide mode and the SSPP mode can operate in 

the same frequency band. A desired transmission phase 

difference can be achieved by changing the state of the PIN 

diode. A higher phase shift can be achieved by increasing the 

number of split square rings along the z direction, and the 

accumulated phase difference is Φ = non×Δφ, where non is the 
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Fig. 2: a) The topology of the proposed meta-atom. b) Dispersion diagrams of the y-polarized wave with different dielectric 

thicknesses h and square ring widths a. c) and d) The corresponding simulated transmission amplitudes with different square ring 

widths a and dielectric thicknesses h, respectively. e) The simulated surface current distribution along the metallic split-ring at 10.0 

GHz. f) The electric field distributions in the xoz-plane at 10.0 GHz. 

 

number of PIN diodes in the “on” state. 

As a validation, we select a design with a phase shift step 

of 30° from the simulation results and the meta-atom consists 

of twelve resonant rings to cover 360° transmission phase shift, 

as shown in Fig. 3a. The dispersion curves of the waveguide 

mode and SSPP mode are shown in Fig. 3b. The dispersion 

phase difference between these two modes is exactly 30° in 

the frequency band of 8.1-13.2 GHz. The split square ring 

metal patches with optimized length a = 6 mm and width b = 

2.5 mm are etched on one side of the F4B dielectric substrate 

of optimized thickness h = 0.5 mm with dielectric constant εr 

= 2.65 and loss tangent tan δ = 0.001. Different rings on a 

meta-atom are connected in parallel, and the PIN diodes can 

be in different states. Each ring is connected in series with the 

rings along the y-direction, which ensures that the PIN diodes 

on a series circuit are in the same state. The states of different 

numbers non of PIN diodes in the “on” state vary from 0 to 12 

are shown in Fig. 3c. To realize the goal of dynamic control, 

we use the BAP70-02 diode from NXP Semiconductors, 

which has the advantage of low diode capacitance and series 

inductance. According to the datasheet,[41] the forward voltage 

of the PIN diode is +1.1 V, and the response time is 

approximately 1.25 ns, which is sufficient for the intended 

application. The equivalent circuit of the PIN diode is a 

lumped resistor-inductor-capacitor (RLC) series circuit with 

the parasitic capacitance Cs= 0.25 pF, the parasitic inductance 

Ls = 0.6 nH, the variable resistance RON = 4.2 Ω, and ROFF = 

50000 Ω. Besides, the other optimized geometric parameters 

are as follows: t = 1.3 mm, g = 18 mm, c = 36.6 mm, l = 2 mm, 

e = 0.6 mm, and s = 0.6 mm. 
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Fig. 3: a) The topology of the meta-atom, which consists of twelve resonant rings. b) The dispersion diagrams of the design with a 

phase shift step of 30°. c) The states of different numbers non of PIN diodes in the “on” state vary from 0 to 12. d-f) The electric field 

distributions in the xoz-plane at 10.0 GHz when the PIN diodes are in S1, S7, and S13, respectively.  

 

 
Fig. 4: a-b) The transmission amplitude and phase response with the different number of PIN diodes in the “on” state under y-

polarized wave incidence, respectively. c-d) The x- and y-polarized transmission amplitude in different states of PIN diodes under 

LP wave incidence, respectively. e) The proportionality of tx-LP and ty-LP in different states of PIN diodes. f) The phase difference 

between the x- and y-polarized transmitted wave.  

https://www.espublisher.com/


Research article                                                                                                                                                                                Engineered Science 

6 | Eng. Sci., 2025, 38, 1848                                                                                                                                                                Engineered Science Publisher 

Under y-polarized wave incidence, the transmission phase 

and amplitude of different states of the PIN diodes are 

simulated as shown in Figs. 4a-b, respectively. It is worth 

noting that the horizontal axis represents discrete integer 

values of non. To visually illustrate the trend of 

phase/amplitude variation with frequency under different 

states, the plots are provided for visual guidance only. In the 

frequency band of 9.3-11.9 GHz, the transmission amplitudes 

all exceed 0.75. In addition, when non is varied from 0 to 12, 

the phases of the corresponding transmission waves in the 

frequency band of 9.1-12.1 GHz are approximately 0, 30°, 60°, 

90°, 120°, 150°, 180°, 210°, 240°, 270°, 300°, 330°, and 360°, 

respectively. In fact, wave propagation is not strictly limited 

to a binary switch between waveguide or SSPP modes. Instead, 

the meta-atom array allows hybrid mode propagation 

depending on the spatial distribution of states of the PIN 

diodes. The electric field distributions on the xoz-plane at 10.0 

GHz are shown in Figs. 3d-f for different states of the diode. 

In S1, waves propagate primarily in the SSPP mode. In S7, 

waves propagate in waveguide mode in the first half and SSPP 

mode in the latter half. In S13, waves propagate primarily in 

the waveguide mode. The results show that due to the 

subwavelength scale of the meta-atoms and the gradual phase 

accumulation along the propagation direction, the two modes 

can achieve relatively efficient coupling at the interface. The 

proposed metasurface realizes arbitrary control of the 

transmission phase for y-polarized waves, but has a negligible 

influence for x-polarized waves, so that we can use the 

transmission phase difference between x- and y-polarized to 

synthesize various polarization states. The polarization space 

(Poincaré sphere) can intuitively visualize the polarization 

states of light and the evolution of polarization between the 

different states, as illustrated in Fig. 1. An arbitrary fully 

polarized state can be represented by a point on the surface of 

the sphere, while a partially polarized state can be represented 

by a point inside the sphere. Since any point on the sphere 

surface can be represented by its latitude and longitude, 

correspondingly, any fully polarized state in the polarization 

space can be represented by the ellipticity angle χ and the 

orientation angle ψ, which describe the shape of the ellipse and 

the direction of the principal axis of the ellipse, respectively. 

The state of polarization (SoP) can be indicated by (SoP) n . 

First, assume that the incident wave is linearly polarized 

(SoP) LP and the electric field can be expressed as Eq. (4): 

( ) 0ˆ ˆ ik ri

i ix iyE E x E e y e= +


                       (4) 

where δ = 0, which is the phase difference between the x- and 

y-components of the incident electric field. Eix and Eiy are the 

amplitudes of the x- and y-components of the incident electric 

field, respectively. Eiy/Eix = tanα, where α is the angle between 

the polarization direction of the incident wave and the x-

direction. The electric field of the transmitted wave can be 

expressed as Eq. (5): 

( ) 0ˆ ˆ ik r

t x LP y LPE T x T y e− −= +


                    (5) 

The coefficients of the transmitted EM wave along the x- 

and y-polarized can be expressed as −

− −= x LPi

x LP x LPT t e
   and 

−

− −= y LPi

y LP y LPT t e
  , where tx-LP and ty-LP are the amplitudes of 

transmission coefficients Tx-LP and Ty-LP, besides φx-LP and φy-

LP are the phases. When α = 45°, which corresponds to Eiy/Eix 

= 1, the simulated results of x- and y-polarized transmission 

coefficients when the PIN diodes are in different states are 

demonstrated in Figs. 4c-d. It's worth noting that because the 

metasurface has no effect on x-polarized waves, tx-LP is 

constant and equal to 0.707. In addition, the y-polarized 

transmission amplitudes are around 0.65 in the frequency 

range of 9.4-11.8 GHz, which are almost equal to the x-

polarized. Fig. 4e illustrates the proportionality of tx-LP and ty-

LP, enabling a visual comparison of the magnitudes of the x- 

and y-polarized. By changing the states of the PIN diodes, the 

phase of the y-polarized transmitted wave can be dynamically 

shifted from 0° to 360°, leading to the phase difference 

between the x- and y-polarized transmitted wave Δφ covering 

360°, as shown in Fig. 4f.  

To study polarization states of transmitted waves, four 

Stokes parameters are introduced as the following Eq. (6): 

2 2

22

2 cos

2 sin

− −

− −

− −

− −

 = +



= −

 = 

 = 


y LP x LP

x LP y LP

y LP x LP

y LP x LP

I t t

Q t t

U t t

V t t





                       (6) 

and the ellipticity angle χ and orientation angle ψ can be 

obtained from Eqs. (7) and (8): 

sin 2
V

I
 =                                     (7) 

tan 2
U

Q
 =                                     (8) 

Theoretically, tx-LP and ty-LP are nearly equal, and Δφ covers 

360° so that an arbitrary ellipticity angle χ can be achieved. As 

shown in Fig. 5a, when the state of PIN diodes is in S5, the 

calculated χ exceeds 33° in a frequency band of 11.0-11.9 GHz. 

In this case, the LP wave is converted to the left-handed 

circularly polarized (LCP). Furthermore, Fig. 5c shows that 

the calculated χ is lower than -33° in a frequency band of 9.0-

9.6 GHz when the state of PIN diodes is in S9. The LP wave 

is converted to the right-handed circularly polarized (RCP). As 

shown in Fig. 5b, when the state of PIN diodes is in S7, the 

https://www.espublisher.com/


Engineered Science                                                                                                                                                                                Research article        

Engineered Science Publisher                                                                                                                                    Eng. Sci., 2025, 38, 1848 | 7  

 
Fig. 5: a-c) The calculated ellipticity angle χ and orientation angle ψ when the state of PIN diodes is in S5, S7, and S9, respectively. 

d) The results of the calculated ellipticity angle χ in different states of PIN diodes. e) The results of the calculated orientation angle 

ψ in different states of PIN diodes.  

 

calculated χ is within -5° to 5° in a frequency band of 10.2-

10.7 GHz and even approaches 0° at 10.4 GHz. In this case, 

the LP wave is converted to another linear polarization. In 

addition, the results of the ellipticity angle χ and orientation 

angle ψ in other states are shown in Figs. 5d-e. 

In fact, when α = 45°, the y-polarized transmission 

amplitudes can only be considered approximately equal to the 

x-polarized due to the losses incurred in the y-direction; 

however, they are never precisely equivalent. This discrepancy 

results in the ellipticity angle χ failing to precisely reach 45°, 

and also low efficiency in circular polarization conversion. 

Therefore, the incident polarization angle α is corrected, and 

y-polarized transmission amplitudes are increased to 

compensate for the loss. When α = 49°, which corresponds to 

Eiy/Eix = 1.15, the simulated results of x- and y-polarized 

transmission coefficients when the PIN diodes are in different 

states are demonstrated in Figs. 6a-b. In this case, the x-

polarized transmission amplitudes are constant and equal to 

0.66 and the y-polarized transmission amplitudes are around 

0.66 in the frequency range of 9.4-11.8 GHz, which are almost 

equal to the x-polarized, as shown in Fig. 6c. After the 

correction of the incident polarization angle α, the efficiency 

of polarization modulation of the proposed active metasurface 

is enhanced, as shown in Figs. 6d-f. When the state of PIN 

diodes is in S5, the calculated χ exceeds 33° in a frequency 

band of 11.0-11.9 GHz and even reaches 44.6° at 11.5 GHz. In 

this case, the LP wave is converted to the LCP. Furthermore, 

the calculated χ is lower than -33° in a frequency band of 9.0-

10.0 GHz and even reaches -43.8° at 9.4 GHz when the state 

of PIN diodes is in S9. The LP wave is converted to the RCP. 

When the state of PIN diodes is in S7, calculated χ is within -

5° to 5° in a frequency band of 10.2-10.7 GHz and even 

approaches 0° at 10.4 GHz. In this case, the LP wave is 

converted to another linear polarization. In addition, the 

results of corrected ellipticity angle χ and orientation angle ψ 

in other states are shown in Figs. 6g-h. 

Polarization modulation realized by the proposed 

metasurface shows the characteristic of wide frequency 

dispersion. For each state, the polarization state of the 

transmitted wave varies with the change of frequency. For 

example, when the PIN diodes are in S8 (non= 7), the 

calculated χ is about -45° at 9.0 GHz, and the transmitted wave 

is the RCP. As the frequency increases, the calculated χ 

increases, and the transmitted wave becomes an elliptically 

polarized wave. When it reaches 11.0 GHz, the elliptical angle 

reaches 0, and the polarization state turns to (SoP) LP  . 

Moreover, by changing the state of the PIN diodes, the 

polarization state of the transmitted wave can be manipulated 

dynamically at the same frequency. At 12.0 GHz, as shown in 

Fig. 7a, the calculated χ increases from -22° to +45° and then 

decreases from +45° to -45°, and finally increases to -33° as 

non increases and the polarization state of the transmitted wave 

goes through the following stages. First, it changes from right 

elliptical polarization to line polarization, then to left circular 

polarization wave, then to line polarization wave, then to right 

circular polarization wave, and finally to right elliptical 

polarization. Similar dynamic modulation capabilities for 

polarization states of the transmitted wave are demonstrated at 

other frequencies. As shown in Fig. 7b, the orientation angle 

ψ both are about 40° until non is less than 5, then drops sharply 

to approximately -40°, and then remains essentially 

unchanged, indicating that the orientation angle of the 

polarization state is relatively stable at 9.0 GHz. In addition, 

similar characteristics for the stable orientation angle can also 

be found in other frequencies. 

Then, assume that the incident wave is circularly polarized 
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(SoP) CP and the electric field can be expressed as Eq. (9): 

( ) 0ˆ ˆ ik ri

i ix iyE E x E e y e= +


 (9) 

where δ = ±π/2 (“+” and “-” are related to LCP and RCP, 

respectively) and Eiy/Eix = 1. The electric field of the 

transmitted wave can be expressed as Eq. (10): 

( ) 0ˆ ˆ
− −= +


ik r

t x CP y CPE T x T y e  (10) 

The coefficients of the transmitted EM wave along the x- 

and y-polarized can be expressed as −

− −= x CPi

x CP x CPT t e
   and 

−

− −= y CPi

y CP y CPT t e
  , where tx-CP and ty-CP are the amplitudes of 

transmission coefficients Tx-CP and Ty-CP, besides φx-CP and φy-

CP are the phases.  

Similarly, dynamic modulation of the polarization states 

can be achieved by changing the states of the PIN diodes. To 

achieve circularly polarized dynamic conversion and the 

implementation of the spin-to-orbital angular momentum 

converter, we have selected two states S1, S7, and S13 of the 

diodes as a demonstration. Figs. 8a-c show the normalized 

 
Fig. 6: a-b) The x- and y-polarized transmission amplitude in different states of PIN diodes after correction for the incident 

polarization angle, respectively. d-f) The corrected ellipticity angle χ and orientation angle ψ when the state of PIN diodes is in S5, 

S7, and S9, respectively. g) The results of the corrected ellipticity angle χ in different states of PIN diodes. h) The results of the 

corrected orientation angle ψ in different states of PIN diodes.  

 

 
Fig. 7: a-b) At 9, 10, 11, and 12 GHz, calculated ellipticity angle χ and orientation angle ψ with the different number of PIN diodes 

in the “on” state, respectively.  
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cross-polarization amplitudes under (SoP) LCP  and (SoP) 

RCP  , respectively. In S1 and S13, the cross-polarization 

amplitudes exceed 0.9 in 10.1-11.8 GHz and 8.8-11.0 GHz, 

respectively. Therefore, the circularly polarized incident 

waves can be converted into the cross-polarized transmitted 

waves in these two states by the designed meta-atom. At this 

time, the phase difference is governed by PB phases (Δφ = ±2γ, 

where “+” and “−” are for LCP and RCP, γ is the rotation 

angle). Based on the proposed meta-atoms,  can be generated. 

However, the cross-polarized amplitudes are below 0.2, and 

co-polarized amplitudes exceed 0.9 in 9.9-11.0 GHz when the 

PIN diodes are in S7. The circular polarization state remains 

unchanged, and there is no polarization conversion. 

 

3. Results and discussion 

As a proof-of-concept, a spin-to-orbital angular momentum 

dynamic converter with quasi-continuous spatial phase 

response based on the PB phase generated by the circular 

polarization conversion is implemented. It has been known 

that an electromagnetic vortex is closely related to an 

azimuthal phase dependence exp(ilθ), which carries an orbital 

angular momentum equivalent to lℏ (ℏ is the reduced Planck 

constant), where θ is the angle between the corresponding 

curvature radius and the vertical direction.[16] The integer 

topological charge l corresponds to the number of wavefront 

helices within a single wavelength. Consequently, generating 

such a vortex beam requires imparting a helical phase front 

with a 2πl azimuthal variation. The traditional metasurface-

based method arranges unit cells in discrete sectors. In order 

to generate a rotated phase distribution, the unit cells in 

different sectors are non-identical. To avoid the phase 

deviations typically encountered at sector boundaries in 

discretely segmented metasurfaces, our proposed strategy 

aligns meta-atoms along an Archimedean spiral, which 

enables the structural integrity of the spin–orbital converter 

while keeping periodic boundary conditions between each 

element, and improves mode purity and efficiency in spin-to-

orbital angular momentum conversion. As shown in Fig. 8d, 

the meta-atoms are aligned along the Archimedes spiral, and 

the tangent direction of each point on the curve can be 

considered to approximately satisfy the PB phase. In this way, 

the rotated phase gradients with “quasi-continuous 

distribution” can be obtained. The mathematical expression of 

Archimedean spiral in polar coordinates can be expressed as: 

r(γ) = a0 + b0γ, where a0 =10mm and denotes the distance from 

the starting point to the coordinate origin, b0 = g/2π and is 

fixed to 2.86 mm, which represents the increment with the 

increase of spiral angle and is matched with the distance 

between the dielectrics g of the proposed meta-atom. It’s 

known that if the curve is circular or quasi-circular, the angular 

difference can cover 0°-360° when starting from any point on 

the curve around the circle. Accordingly, the phase changes 

quasi-continuously over a range of 0°-720°. The topological 

charge can be expressed as l = dφ/dθ = ± 2dγ/dθ= ± 2. 

Therefore, when the diodes are in S1 and S13, the transmitted 

wave will be converted into a vortex beam carrying OAM with 

l = ± 2 under the circularly polarized wave incidence.  

For validation, a spin-to-orbital angular momentum 

converter with a diameter of 240 mm is constructed as 

illustrated in Fig. 8e. The near-field performance of the 

designed model is simulated by CST, and the simulated Ey-

component electric field distributions are shown in Figs. 9a-f. 

The cut plane is selected to be parallel to the xoy-plane with a 

 

 
Fig. 8: a-c) Cross-polarization curves under both normal left- and right-handed circularly polarized waves in S1, S7, and S13, 

respectively. d)The conceptual helix curve of the proposed spin-to-orbital angular momentum converter. e) The topology of the 

model of the proposed spin-to-orbital angular momentum converter and the meta-atom. 
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Fig. 9: Simulated Ey-component of the electric field distributions at the cutting plane, which is parallel to the xoy-plane with a distance 

of 100 mm. a) and d) The electric field distributions when the PIN diodes are in S1 under the incidence of LCP and RCP waves at 

11.2 GHz, respectively. b) and e) The electric field distributions when the PIN diodes are in S7 under the incidence of LCP and RCP 

waves at 10.4 GHz, respectively. c) and f) The electric field distributions when the PIN diodes are in S13 under the incidence of LCP 

and RCP waves at 11.0 GHz, respectively. 

 

distance of 100 mm. For the simulation settings, the Open add 

space is applied as the boundary condition in all directions. 

The port is set as the circular polarization basis, and the Time 

Domain Solver is set for the simulation. Figs. 9a and 9d 

demonstrate the electric field distributions under the LCP and 

RCP waves at 11.2 GHz when the PIN diodes are in S1. In 

addition, the maps under the LCP and RCP waves at 11.0 GHz 

with the PIN diodes in S13 are depicted in Figs. 9c and 9f. The 

simulated electric field distributions clearly show the 

characteristic semi-circular yin-yang fish-shaped intensity 

profiles with central nulls, and the number of intensity lobes 

in the azimuthal direction further validates the charge value. It 

can be observed that the vortex beams with a topological 

charge number of l = ± 2 are generated. When the PIN diodes 

are in S7, the maps under the LCP and RCP waves at 10.4 GHz 

are depicted in Figs. 9b and 9e. There is no vortex beam with 

the topological charge number. And dynamic customization of 

the topological charge number will be achieved. In addition, 

vortex beams with other topological charges can be obtained 

by rearrangement of the meta-atoms.  

To verify the feasibility of our design, the prototype is 

fabricated by low-cost printed circuit board (PCB) technology, 

and the measurement is carried out in a microwave anechoic 

chamber as shown in Fig. 10. In order to bend the metasurface 

along the given Archimedean spiral, the prototype is fixed in 

a polymethacrylimide (PMI) rigid foam with a dielectric 

constant of 1.06, which has a negligible effect on the results. 

To simplify the drive circuit, a series bias network is 

implemented to reduce the number of control lines to 12. The 

near-field property of the prototype is tested by the near-field 

scanning technique. The prototype is placed between the probe 

and the circularly polarized horn antenna, and the probe is 100 

mm away from the prototype. When all PIN diodes are 

inactivated (S1), the electric field distributions of the Ey-

component at 11.2 GHz under the incidence of LCP and RCP 

waves are shown in Figs. 11a and 11d. Figs. 11c and11f show 

the maps at the frequency points of 11.0 GHz under the 

incidence of LCP and RCP waves when all PIN diodes are 

activated (S13). The measured results show that a topological 

charge number of l = ± 2 is obtained when the PIN diodes are 

in those two states, which are in general agreement with the 

simulation results and prove the feasibility of the proposed 

method. However, when PIN diodes are in S7, there is no 

vortex beam with the topological charge number, as illustrated 

in Figs. 11b and 11e. Due to the processing tolerances or the 

fact that the incident wave source is not strictly planar, the 

intensity of the measured electric field distribution differs 

slightly from the simulated results. The experimental results 

show that the metasurface demonstrates excellent stability 

under various room-temperature conditions. Its power 

consumption is effectively managed during dynamic operation, 

resulting in favorable overall energy efficiency. The system 

shows strong potential for practical applications, with 

opportunities for further energy-saving improvements in 

future iterations. 

To evaluate the performance of the novel design, Table 1 

lists a comparison of this effort with previous works. It can be 

observed that our design for dynamic modulation of 
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Fig. 10: The experimental setup for near-field scanning with the fabricated prototypes. 

 

 
Fig. 11: Measured Ey-component of the electric field distributions at the cutting plane, which is parallel to the xoy-plane with a 

distance of 100 mm. a) and d) The electric field distributions when the PIN diodes are in S1 under the incidence of LCP and RCP 

waves at 11.2 GHz, respectively. b) and e) The electric field distributions when the PIN diodes are in S7 under the incidence of LCP 

and RCP waves at 10.4 GHz, respectively. c) and f) The electric field distributions when the PIN diodes are in S13 under the incidence 

of LCP and RCP waves at 11.0 GHz, respectively. 

 

Table 1: Comparison between our work and other designs. 

Ref./Year Bandwidth [GHz] Number of states Transmission efficiency Transmission/reflection 

[27]/2016 13.7-14.9 GHz 2 -1 dB transmission 

[28]/2020 4.7-5.9 GHz 2 -1 dB transmission and reflection 

[29]/2021 2.77 GHz 4 −3.65 dB transmission 

[39]/2023 2.5-3.5 GHz 4 -3 dB transmission 

[40]/2023 3.03-3.6 GHz 2 -2 dB transmission 

[42]/2023 2.5-3.64 GHz 2 −3 dB transmission 

This work 8.8-11.8 GHz 13 -1 dB transmission 
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transmissive polarization states has properties in both 

broadband frequency and a wide scope of regulation compared 

to others. Therefore, our work provides an alternative way to 

dynamically modulate the transmission polarization state and 

has promising applications in polarized antennas.  

 

4. Conclusion 

In summary, a strategy to dynamically control the polarization 

state in real-time and achieve efficient transmission by 

tailoring the transmission phase is proposed. Controlling the 

state of the voltage-driven PIN diodes enables the switching 

of the transmission mode between the waveguide and the SSPP. 

The proposed strategy achieves efficient dynamic tunable 

functions in transmission and diverse polarization states with 

the characteristic of wide frequency dispersion and powerful 

controllability. And it will provide a new platform for versatile 

transmission-type-based EM devices. As verification, a spin-

to-orbital angular momentum dynamic converter based on the 

PB phase generated by the circular polarization conversion is 

demonstrated. The experimental and simulation results are in 

agreement, proving the feasibility of the proposed strategy. 

Moreover, the re-arrangement of the meta-atoms will enable 

vortex beams with other topological charges. By extension to 

time-varying modulation, dynamic customization of the 

topological charge number will be achieved. The proposed 

approach enables an alternative architecture for modulating 

polarization, which has great envisions for future wireless 

communication and detection systems. 
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