
Indonesian Journal of Electrical Engineering and Computer Science 

Vol. 39, No. 3, September 2025, pp. 1608~1621 

ISSN: 2502-4752, DOI: 10.11591/ijeecs.v39.i3.pp1608-1621      1608 

 

Journal homepage: http://ijeecs.iaescore.com 

Graphene-based reconfigurable FSS for dynamic millimeter-

wave OAM beam generation 
 

 

Nidal Qasem 
Department of Communications and Computer Engineering, Faculty of Engineering, Al-Ahliyya Amman University, Amman, Jordan 

 

 

Article Info  ABSTRACT  

Article history: 

Received Jan 5, 2025 

Revised Apr 15, 2025 

Accepted Jul 3, 2025 

 

 This research paper explores the dynamic generation of orbital angular 

momentum (OAM) beams at millimeter-wave (mm-wave) frequencies using 

intelligent reconfigurable metasurfaces (IRM). The ability to dynamically 

control OAM properties is crucial for unlocking these beams’ full potential. 

This paper proposes a novel method utilizing a frequency-selective surface 

(FSS) integrated with reconfigurable graphene to generate an IRM. By 

carefully designing the FSS elements and controlling the graphene’s 

electrical conductivity, the system can generate and manipulate mm-wave 

OAM beams with different topological charges. With the suggested IRM 

structure, a conversion efficiency of nearly 80% can be achieved in 

converting the circularly polarized incident wave into its cross-polarized 

component at 30.7 GHz, with an overall thickness of 0.067 λ. This research 

has significant implications for advancing mm-wave communications by 

providing additional spatial dimensions for multiplexing and enhancing 

system capacity. 
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1. INTRODUCTION  

The generation and manipulation of orbital angular momentum (OAM) beams at millimeter-wave 

(mm-wave) frequencies have attracted growing interest and research in recent years. OAM waves are a type 

of electromagnetic wave characterized by a rotating wavefront. They possess a twisted or helical shape, 

unlike traditional plane waves. OAM is associated with the spatial phase distribution of the wave and is 

quantified by an integer value called the topological charge. Different OAM modes with distinct topological 

charges can carry independent information, offering significant advantages for a range of technological 

applications, including high-speed wireless communications, advanced radar systems, and cutting-edge 

imaging techniques [1], [2]. 

The capacity to dynamically control the OAM properties of mm-wave beams is a key enabler for 

unlocking the full potential of these specialized electromagnetic waves [3]. There are several promising ways 

to achieve this dynamic control, such as using a spiral phase plate [4], a uniform circular array [5], transmit 

arrays [6], and a metasurface (MS) or frequency selective surface (FSS) [7], [8]. 

An FSS, consisting of subwavelength engineered structures, offers a promising approach for 

generating mm-wave OAM waves. By carefully designing the FSS elements, the phase and amplitude of 

incident waves can be controlled, enabling the generation of OAM beams. 

https://creativecommons.org/licenses/by-sa/4.0/
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Several studies have presented advancements in the MS field, including the introduction of a new 

method based on a microwave FSS to develop a low-level vortex beam generator that can produce an OAM 

mode under circular polarization [9]. Additionally, ultra-thin MSs have been created, produced, and 

characterized to efficiently generate electromagnetic waves that convey OAM waves at microwave 

frequencies. Based on the photonic spin Hall effect, a subwavelength scatterer with a transmission efficiency 

of up to 85% was developed. The scatterer’s spatial rotation was utilized to provide phase control between 0 

and 2π𝑓 [10]. Another study focused on an azimuthally symmetric electromagnetic MS with wide bandwidth 

designed, fabricated, and experimentally demonstrated to efficiently convert a left-handed (right-handed) 

circularly polarized incident plane wave (with a spin angular momentum of ћ, where ћ is the reduced 

Planck’s constant) to a right-handed (left-handed) circularly polarized vortex wave with OAM. The 

simulation and measurement results confirmed that the proposed method provides an effective way of 

generating an OAM-carrying vortex wave with comparative performance across a broad bandwidth [11]. In 

addition, a transmitting MS with ultra-high polarization conversion capabilities and conveying OAM vortex 

waves was proposed based on the distinct periodic unit cell structure of the mm-wave. The findings 

demonstrate the benefits of vortex waves, which include high mode purity, bandwidth, and efficiency. Fast 

beam alignment is possible with the generated vortex waves, which is important for mm-wave satellite 

communications and unmanned aerial vehicles [12]-[14]. By incorporating reconfigurable components, such 

as graphene [15], [16], into the FSS design, dynamic adjustment of the beam's OAM properties in real-time is 

possible, enabling advanced beam-shaping capabilities [17]. 

Graphene, a remarkable two-dimensional material with exceptional electrical and optical 

characteristics, has emerged as a valuable material for integration into reconfigurable FSSs. Its tunable 

electrical conductivity, which is controlled by applying a bias voltage, allows for the dynamic manipulation 

of the FSS’s electromagnetic response, leading to the generation of reconfigurable mm-wave OAM beams [18]. 

The unique properties of graphene, including its high carrier mobility, tunability, and broadband response, 

make it an attractive choice for integration with FSSs to achieve dynamic control over mm-wave OAM 

beams [19]. 

This paper investigates the development of an OAM generator, which involves designing an FSS 

and integrating reconfigurable graphene to form intelligent reconfigurable metasurfaces (IRM). A third-order 

bandpass FSS that operates under circularly polarized light and is primarily dependent on the coupling 

between the metallic layers was constructed. It comprised stacked patches and grids divided by thin dielectric 

substrates. The suggested unit cell had a high transmission efficiency operating bandwidth and approximately 

100% conversion efficiency at the center frequency when compared to resonant elements. Additionally, 

reconfigurable graphene was also exploited to include all phases in a single cell and the ability to operate 

only one phase each time, forming an IRM. The working concept of this IRM design was examined by 

utilizing an analogous circuit model. To adjust the transmitted cross-polarized component’s wavefront, the 

Pancharatnam–Berry (PB) phase was incorporated. With a thickness of only 0.067 λ, the ultra-thin OAM-

producing device is intended for mm-wave operation. The creation of an extremely effective vortex beam 

carrying the OAM mode in the passband was confirmed by both simulation and experimental data. 

Additionally, by determining the purity of several high OAM modes, I explored the bound of the OAM 

topological charge number attained with the suggested finite-size OAM generator. 

The paper is organized as follows: section 2 provides an overview of the proposed system and the 

design details of the reconfigurable surface, while section 3 discusses the simulation results using tools such 

as MATLAB and CST Studio Suite. Finally, the conclusions are summarized in section 4. 

 

 

2. SYSTEM MODEL 
The key objective was to design an IRM through which OAM waves are transmitted in different 

modes orthogonal to each other. The desired results have been obtained using MATLAB and CST Studio 

Suite. In this section, the following elements have been described as: the overall working principle, the 

design of the FSS unit cell and implementation of IRM, the working principle of graphene, the generation of 

OAM waves, and the degree of purity.  

 

2.1.  Principle of operation 

The idea behind the proposed IRM that produces cross-polarization under circularly polarized 

incident wave illumination is shown in Figure 1. As an anisotropic structure, the unit cell can react differently 

to incident waves that are polarized in both the 𝑥- and 𝑦-axis directions. At a particular transmission phase 

difference, the two transmission bands overlap at frequency 𝑓0, where the ideal transmission coefficients 

equal 1. The transmission matrix for an incident wave that is circularly polarized is written as [9], [20]: 
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𝑇𝐶𝑃 = (
𝑇𝐿𝐿 𝑇𝐿𝑅

𝑇𝑅𝐿 𝑇𝑅𝑅
) = (

𝑇𝑥𝑥+𝑇𝑦𝑦+𝑖(𝑇𝑥𝑦−𝑇𝑦𝑥)

2

𝑇𝑥𝑥−𝑇𝑦𝑦−𝑖(𝑇𝑥𝑦+𝑇𝑦𝑥)

2
𝑇𝑥𝑥−𝑇𝑦𝑦+𝑖(𝑇𝑥𝑦+𝑇𝑦𝑥)

2

𝑇𝑥𝑥+𝑇𝑦𝑦−𝑖(𝑇𝑥𝑦−𝑇𝑦𝑥)

2

) (1) 

 

Thus, for an incident right-hand (left-hand) circularly polarized wave, 𝑇𝑅𝐿  (𝑇𝐿𝑅) is the complex 

cross-polarized transmission coefficient of the left-hand (right-hand) circularly polarized component. For 

left- and right-handed circularly polarized incident waves, respectively, 𝑇𝐿𝐿 and 𝑇𝑅𝑅  correspond to the 

complex co-polarized transmission coefficients. Likewise, the complex transmission coefficients for an 

incident linearly polarized wave are denoted by 𝑇𝑥𝑥,  𝑇𝑥𝑦,  𝑇𝑦𝑥,  and 𝑇𝑦𝑦. For the unit’s linearly polarized 

incident wave, the cross-polarized transmission coefficients are typically regarded as insignificant, with 

𝑇𝑥𝑦 = 𝑇𝑦𝑥 = 0. Consequently, 𝑇𝑥𝑥 and 𝑇𝑦𝑦 have a major influence on the capacity to convert polarization in a 

circular manner [9]. For an incident wave with a left-handed circular polarization (LHCP) is: 

 

 𝑇𝑅𝐿 = 𝑇𝑥𝑥 − 𝑇𝑦𝑦 = |𝑇𝑥𝑥|ℯ−𝑗∅𝑥𝑥

1+
|𝑇𝑦𝑦|

|𝑇𝑥𝑥|ℯ
𝑗(∅𝑥𝑥−∅𝑦𝑦−𝜋)

2
      (2) 

 

where ∅𝑥𝑥 and ∅𝑦𝑦 denote the transmission phase of the incident linearly polarized wave. Consequently, for 

the circularly polarized wave, the optimal cross-polarized conversion condition is: 

 

|𝑇𝑥𝑥| = |𝑇𝑦𝑦| = 1 (3a) 

 

∅𝑥𝑥 − ∅𝑦𝑦 = 𝜋 (3b) 

 

This results in a 100% conversion efficiency since the unit cell has the same transmission efficiency in both 

directions without experiencing any loss. Additionally, if the aforementioned conversion requirements are not 

strictly met, the transmitted wave still contains a cross-polarized component, but it does so with less 

efficiency. 

 

 

 
 

Figure 1. The cross-conversion of circularly polarized waves in the proposed IRM unit cell 

 

 

2.2.  Design of the FSS unit cell and implementation of IRM 

The three-dimensional (3D) view of a primary cell in the FSS architecture is presented in Figure 2. 

Using a circular grid with a rectangular patch loaded in the circular gaps, a capacitively coupled 

miniaturized-element FSS (MEFSS) is first used to build the structure. A class of non-resonant periodic 

multi-layered structures known as general MEFSS is composed of several metallic layers divided by thin 

dielectric substrates. Every metallic layer is either a two-dimensional (2D) wire grid with sub-wavelength 

periodicity or a 2D periodic arrangement of sub-wavelength patches [21]-[23]. A thorough synthesis and 

analytical design process for the MEFSS is documented in [24]. 
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This technique was originally used to develop a second-order bandpass response MEFSS. Next, a 

circular grid replaces the wire grid to introduce the PB phase by rotating the unit cell. Rectangular patches 

produce two separate frequency responses for the incident circularly polarized wave’s vertical (𝑦-axis) and 

horizontal (𝑥-axis) components. The maximum coverage of the transmission phase was less than 𝜋 within a 

second-order bandpass MEFSS. According to (3), the phase condition of the circularly polarized conversion 

was not satisfied in this case. 

The MEFSS unit usually acts as a spatial phase shifter, increasing the phase shift variation as the 

increase in response order. Therefore, a rectangular patch is embedded in the center of the circular gaps to 

add another order for the equivalent filter circuit. Because of the strong coupling of the gap between the 

rectangular patch and the arc grid in the vertical direction, the unit cell presents an extra resonance compared 

to the other direction. All patches are symmetric to provide different capacitive values in the two orthogonal 

directions, and the arc grid is symmetric to provide the same inductance value. The dimensions of the unit 

cell along the 𝑥- and 𝑦-axis directions are 𝐷𝑥  = 𝐷𝑦 = 𝐷, while the thicknesses of both substrates are the 

same (ℎ1 =  ℎ2), as shown in Figures 2(a) and 2(b). Owing to the vertically symmetrical structure, the top 

and bottom metallic layers of the unit cell comprise the same sub-wavelength capacitive rectangular patches 

with dimensions 𝑃𝑥1 × 𝑃𝑦1 and 𝑃𝑥2 × 𝑃𝑦2. The radius of the circular gaps in the middle metal layer is 𝑅, 

while the length along the 𝑥-and 𝑦-axis directions of the middle rectangular patch are 𝑃𝑥3 and 𝑃𝑦1, 

respectively, as shown in Figure 2(c). 

 

 

 
(a) 

 

  
(b) (c) 

 

Figure 2. FSS primary cell; (a) content of the cell, (b) capacitive layer top view, and (c) middle layer  

top view 

 

 

 

To enhance comprehension of the structure’s working principle, a generalized equivalent circuit 

model (ECM) is suggested, as shown in Figure 3. As seen in Figure 3(a), the components of the analogous 

circuit model are the same for both orthogonal polarizations. The circular grid is viewed as an inductor 𝐿𝑥, 

and the rectangular patches are regarded as capacitors 𝐶𝑥1, 𝐶𝑥2, and 𝐶𝑥3for the 𝑥-axis direction and 

𝐶𝑦1, 𝐶𝑦2, and 𝐶𝑦3 for the 𝑦-axis direction. The corresponding capacitor is parallel to the grid’s inductor 

because the rectangular patch is embedded in the circular gap. A series inductor (𝐿𝑇1, 𝐿𝑇2) and a shunt 

capacitor (𝐶𝑇1, 𝐶𝑇2) can be used in the model to represent the short transmission lines that are equivalent to 

the thin dielectric substrates separating each metallic layer. Free space characteristic impedances 𝑍0 = 377 Ω 

can be used to represent the half spaces on either side of the unit cell structure. As Figure 3(b) illustrates, the 

circuit model is a third-order bandpass filter. Capacitors 𝐶𝑥1, 𝐶𝑥2, and inductors 𝐿𝑇1, 𝐿𝑇2, respectively, make 

up two of the resonators. The intermediate layer resonator is made up of a parallel capacitor 𝐶𝑥3 and the 

inductor 𝐿𝑥. 
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The specific values of the capacitors in the metallic patches can be explained as follows  based on 

the ECM of this structure [24]: 

 𝐶𝑖 = 𝜀0𝜀𝑒𝑓𝑓
2𝐷

𝜋
𝑙𝑛 (

1

𝑠𝑖𝑛
𝜋𝑆𝑖
2𝐷

) (4) 

 

where 𝜀0 is the vacuum permittivity (𝐹/𝑚), 𝜀𝑒𝑓𝑓 is the dielectric substrate’s effective permittivity, 𝐷 is the 

unit cell’s periodicity, and 𝑆𝑖 is the space between two consecutive patches. Similarly, the following can be 

used to characterize the particular inductive value of metallic grid wires [24]: 

 

𝐿𝑖 = 𝜇0𝜇𝑒𝑓𝑓
𝐷

2𝜋
𝑙𝑛 (

1

𝑠𝑖𝑛
𝜋𝑊𝑖
2𝐷

) (5) 

 

where 𝜇0 is the vacuum permeability, 𝜇eff is the effective permeability of the dielectric substrate, and 𝑊𝑖 is 

the effective width of the arc grid that is impacted by the patch embedded in the circular gap. One may 

compute the dielectric substrate’s equivalent inductor and capacitor from: 

 

𝐿𝑇𝑖 = 𝜇0𝜇𝑒𝑓𝑓ℎ𝑖 (6a) 

 

𝐶𝑇𝑖 = 𝜀0𝜀𝑒𝑓𝑓ℎ𝑖 (6b) 

 

where the equivalent inductance and capacitance of the dielectric substrates are denoted by 𝐿𝑇𝑖 and 𝐶𝑇𝑖, 

respectively. Subsequently, a cell design has been proposed to cover all phases. The three rectangular patches 

have been rotated around the 𝑧-axis with a step of 𝜋/12, to obtain the seven phases within the unit cell, and 

each time, three patches are chosen for one phase. The cross-polarization transmission coefficient is as large 

as possible at 30.7 GHz. The transport phase is obtained with the same phase gradient of π/6, approximately 

twice the rotation angle, which corresponds to the PB phase. 

Figure 4 displays the 3D view of the primary unit cell in the proposed IRM design.  The FSS design 

described previously was built, but it has been changed by replacing the three rectangular copper patches 

with rectangular graphene patches and combining all their phases into one cell, as shown in Figure 4(a). 

Where Figures 4(b) and 4(c) show the top view for the capacitive and middle layers, respectively. After that, 

one phase has been activated at a time depending on the desired shape of the metasurface. This material can 

be controlled by introducing a constant current to change the surface impedance of the graphene layers (𝑍𝑠), 

thus turning them ON and OFF (i.e. 𝑍𝑂𝑁/𝑍𝑂𝐹𝐹) using this current. This technique will be clarified in the next 

section. 

 

 

 
(a) 

 

 
(b) 

 

Figure 3. The FSS unit cell’s ECM structure (a) it should be noticed that the ECM is the same for x- and y-

polarizations expect for the values of the capacitor and inductor and (b) the simplified ECM by considering 

the transmission line as a shunt capacitor and inductor 
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(a) 

  
(b) (c) 

 

Figure 4. Proposed IRM primary cell; (a) content of the cell, (b) capacitive layer top view, and  

(c) middle layer top view 
 
 

2.3.  Graphene 

The conductivity of graphene varies between the microwave and THz frequency ranges. In the 

microwave frequency range, graphene has a middling conductivity with a short tunability range, while in the 

THz frequency range, it has better conductivity with a large tunability range. Frequency-tunable metallic 

antennas can be facilitated by the special tunable feature conductivity of graphene [25]. In our work, the 

graphene’s alternating current conductivity can be expressed as follows [26], [27]: 
 

    𝜎𝐴𝐶 =
−𝑗𝑞2𝑘𝐵𝑇

𝜋ℏ2(𝜔−𝑗𝜏𝑡
−1)

(
𝜇𝑐

𝑘𝐵𝑇
+ 2 𝑙𝑛 (𝑒

−
𝜇𝑐

𝑘𝐵𝑇 + 1)) (7) 

 

where 𝜔 is the radian frequency (𝑟𝑎𝑑/𝑠𝑒𝑐), 𝜇𝑐 is the chemical potential (𝑒𝑉), 𝜏𝑡 is the relaxation time (𝑠), 𝑇 

is the temperature in Kelvin (𝐾), 𝑞 is the elementary charge (𝐶), ℏ is the reduced Planck’s constant (𝐽𝑠), and 

𝑘𝐵 is the Boltzmann constant (𝐽/𝐾). The chemical potential of graphene is linked to the carrier density 

𝑛 (𝑚 ) and can be obtained from the following: 
 

𝜇𝑐 = ℏ𝑣𝑓√𝑛𝜋 (8) 
 

where 𝑣𝑓 is the Fermi velocity of graphene and equal 1 × 106 (𝑚/𝑠). The value of 𝑛 can be sequentially 

adjusted by applying an external DC voltage on the graphene layer and the value of 𝑛 can be obtained from 

the following: 
 

  𝑛 =
𝜀0𝜀𝑟𝑉𝑏

𝑑𝑞
  (9) 

 

where 𝜀𝑟 is the relative dielectric constant, 𝑉𝑏 is the external DC bias voltage (𝑉), 𝑑 is the graphene layer 

thickness (𝑚). The graphene surface impedance (𝑍) can be calculated from the graphene conductivity as 

follows [26], [27]: 
 

𝑍𝑠 =
1

𝜎𝐴𝐶
  (10) 

 

 𝑍𝑠 =
𝑗𝜋ℏ2(2𝜋𝑓(𝜏𝑙𝜏𝑠)−𝑗(𝜏𝑙+𝜏𝑠))

𝑞2(𝜏𝑙𝜏𝑠)[𝜇𝑐+2𝑘𝐵𝑇𝑙𝑛(𝑒
−

𝜇𝑐
𝑘𝐵𝑇+1)]

  (11) 

 

The scattering effects 𝜏𝑙 can be calculated as follows: 
 

𝜏𝑙 =
𝜇𝑙ℏ√𝑛𝜋

𝑞𝑣𝑓
  (12) 
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where 𝜇𝑙 is the mobility electron (𝑚2/𝑉𝑠). The value of 𝜏𝑠 can be calculated as follows: 

 

𝜏𝑠 =
4ℏ2𝜌𝑚𝑣𝑝ℎ

2 𝑣𝑓

√𝑛𝜋𝑘𝐵𝑇𝐷𝑝
2  (13) 

 

where 𝜌𝑚 is the 2𝐷 mass density of graphene and equal 7.6 × 10−6  (𝐾𝑔/𝑚2), 𝑣𝑝ℎ is the sound velocity of 

the longitudinal acoustic phonons in graphene and equal 2.1 × 104  (m/s), and 𝐷𝑝 is the deformation 

potential (𝑒𝑉). However, in some experimental values from previous studies, the 𝑅 value around ~18 𝑒𝑉 is a 

prevalent and recognized value for graphene over a substrate [27]. 

 

2.4.  Generation of OAM and the purity of modes 

The FSS is a metasurface with a square aperture consisting of 20×20 elements and a horn antenna 

placed on the central axis of the left side, as seen in Figure 5. The horn antenna is a circularly polarized feed 

antenna so that the spherical wave from this antenna is fed to the FSS surface on the 𝑧-axis to obtain a vortex 

wave.  Considering that the position of the antenna is (𝑥𝑓 , 𝑦𝑓, 𝑧𝑓) and the position of each element is (𝑥𝑖, 𝑦𝑗), 

the following equation can be applied to obtain the value of 𝜃 [9], [12]: 

 

 𝜃 = 𝑙 𝑡𝑎𝑛−1 𝑦𝑖

𝑥𝑖
−  𝑘𝑜 [√(𝑥𝑖 − 𝑥𝑓)2 + (𝑦𝑖 − 𝑦𝑓)2 + 𝑧𝑓

2 − 𝑧𝑓]  (14) 

 

where 𝑙 is the predicted OAM mode and 𝑘𝑜 is the free space propagation constant. For each metallic layer, 

the rectangular patches must be rotated by 𝜃 in accordance with their corresponding azimuth to meet the 

requirements of the PB phase [9].  The first section is the OAM wave, so the required mode is carried by the 

transmitted wave. The second section is the phase compensation, which compensates for the phase variation 

caused by the variation in wave range. The desired phase for the periodic cell is found by deducting the phase 

compensation part from the OAM vortex part [12]. 

Figure 5 shows the configuration employed for the simulation. Two monitors were utilized in the 

simulations; one is placed in the 𝑥𝑜𝑦 plane at 𝑧 = 10 𝑚𝑚, and the other is placed along the 

propagation direction at 𝑦 = 0 𝑚𝑚 in the 𝑥𝑜𝑧 plane. The boundary condition is set to the perfectly matched 

layer.  

The proposed system for generating the OAM model was examined in terms of its purity. To 

conduct a Fourier transform analysis, the transmission magnitude field toroidal E-field surrounding the null-

magnitude point is taken individually [28]: 

 

𝐴𝑙 =
1

2𝜋
∫ 𝜔(𝜑)𝑒−𝑗𝑙𝜑𝑑𝜑

2𝜋

0
  (15) 

 

𝜔(𝜑) = ∑ 𝐴𝑙𝑒
𝑗𝑙𝜑

𝑙   (16) 

 

where 𝜔(𝜑) denotes a function of the sampling field and 𝐴𝑙 is the intended mode’s magnitude. The purity of 

OAM can be expressed as the ratio of each model component to the overall energy. 

 

 

 
 

Figure 5. The simulation condition. The wave incident is an LHCP wave. By utilizing the 𝑥𝑜𝑦 and 𝑥𝑜𝑧 

planes, the transmitted field is investigated 
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3. RESULT AND DISCUSSION 

3.1.  FSS unit cell 

Table 1 summarizes the FSS unit cell’s physical dimensions and ECM component values. Using (4) 

to (6), the values of the capacitors and inductors are first determined. The real capacitance and inductance 

values rise as a result of the interaction between the three closely spaced metal layers. Additionally, there is a 

high electromagnetic coupling between the circular grid and the intermediate layer’s rectangular patch owing 

to their near proximity in the vertical direction, which raises the values of capacitance and inductance. 

Achieving unity transmission of cross-polarization under circularly polarized incidence is the primary 

objective of the optimization method. 

 

 

Table 1. ECM Parameters of the FSS with 𝜀𝑟  =  3 

Parameter 𝑃𝑥1, 𝑃𝑥2 𝑃𝑥3 𝑃𝑦1, 𝑃𝑦2 𝑃𝑦3 

Value 4 𝑚𝑚 3 𝑚𝑚 7.5 𝑚𝑚 7 𝑚𝑚 

Parameter 𝐶𝑥1, 𝐶𝑥2 𝐶𝑥3 𝐶𝑦1, 𝐶𝑦2 𝐶𝑦3 

Value 0.053 𝑝𝐹 0.0817 𝑝𝐹 0.192 𝑝𝐹 7.11 𝑝𝐹 

Parameter 𝐿𝑥 𝐿𝑦 𝐶𝑇2 𝐶𝑇1 

Value 1.929 𝑛𝐻 0.3401 𝑛𝐻 0.0825 𝑝𝐹 0.09 𝑝𝐹 

Parameter 𝑅 ℎ1, ℎ2 𝐿𝑇1 𝐿𝑇2 

Value 4 𝑚𝑚 1 𝑚𝑚 0.140 𝑛𝐻 0.168 𝑛𝐻 

 

 

The unit cell’s period, 𝐷 =  3 𝑚𝑚, is roughly equal to 𝜆°/3, where 𝜆° is the free space wavelength 

at the 30.7 𝐺𝐻𝑧 center operation frequency. It is important to note that even while the OAM generator's 

design was influenced by the use of the MEFSS, the 2𝜋 phase shift needed for OAM creation causes the cells 

to grow in comparison to the regular MEFSS. 

The impedance values (𝑍𝑠) of graphene have been calculated in the ON and OFF states by 

increasing or decreasing the charge carrier density of graphene using (12). Table 2 shows the parameter 

values used to obtain 𝑍𝑂𝑁  and 𝑍𝑂𝐹𝐹 . The graphene layers in the unit cell were then placed at a suitable 

accumulated surface current position to avoid mismatch of the graphene layers in the OFF state. The IRM has 

been simulated via the CST Studio Suite. Figure 4 displays the dimensions of the proposed IRM.  

Figure 6 shows the simulated and calculated transmission characteristics of an elementary cell. The 

transmission and reflection coefficients for both the horizontal and vertical linear polarizations are presented 

in Figure 6(a), which is based on the ECM displayed in Figure 3(b) and those generated in full-wave 

electromagnetic simulations using the commercial solver CST Studio Suite. Figure 6(b) displays the phase 

difference between the transmission phases of the two polarizations.  A good agreement between the 

simulation results and corresponding ECM calculations is evident. Within the passband, the transmission 

efficiency for both the 𝑥- and 𝑦-polarized occurrences is close to 100%. On the other hand, the 𝑥- and 𝑦-axis 

direction response order is not matched. This is mostly caused by the short width of the middle layer’s 

rectangular patch in the 𝑥-direction (𝑃𝑥3), which results in a very small capacitance value with a noticeable 

impact on the circuit resonance. There is a partial overlap in the transmission window for both polarizations. 

Owing to the different orders of response of the two perpendicular directions, the phase difference between 

the two directions increases stepwise.  In the meantime, there is a phase shift of about 𝜋 in the overlapped 

frequency band’s center. As shown, there are still cross-polarization components in the transmission when 𝑇𝑥 

and 𝑇𝑦 decrease and the phase difference deviates from 𝜋, but with a slightly reduced efficiency.  

Then, the unit cell’s behavior under circular polarization is examined, as shown in Figure 7. There is 

an LHCP wave tuned to the incident wave. The unit cell is rotated by a step of 𝜋/12 around the 𝑧-axis, and 

the transmission coefficient of the cross-polarized wave is displayed in Figure 7(a). It is evident that when the 

unit cell rotates, the cross-polarization transmission efficiency of the seven units in the passband essentially 

stays constant. An LHCP wave can be converted by the unit to a cross-polarized wave where the cross-

polarized transmission coefficient’s amplitude is near 0 dB at 30.7 GHz and less than -1 dB between 30.3 and 

31.2 GHz. Furthermore, the transmission phase has the same phase gradient of 𝜋/6, which is compatible with 

the PB phase and roughly double the rotation angle [9], as seen in Figure 7(b) . 
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Table 2. ON and OFF case of impedance 
Parameter ON OFF 

𝑛(𝑚−2) 8.3 × 1016 1.66 × 1017 3.3 × 1017 8.3 × 1014 

V𝑏(𝑉) 5 10 20 0.05 

𝜇𝑙(𝑚2/𝑉𝑠) 2.7 2.7 2.7 2.7 

𝐷𝑝(𝑒𝑉) 6.4 6.4 6.4 6.4 

𝑇(𝐾) 295 295 295 295 

𝑍𝑠 29.3472 +  4.8804𝑖 15.3973 +  3.4510𝑖 8.4224 +  2.4402𝑖 2056 +  35.126𝑖 

 

 

  
(a) 

 

(b) 

Figure 6. Calculated and simulated transmission properties of an elementary cell; (a) transmission 

coefficients for 𝑥- and 𝑦-axis polarization and (b) the difference in transmission phases between the two 

orthogonal directions 
 

 

  

(a) (b) 
 

Figure 7. The cross-polarized components in normal circularly polarized incidence where the rectangular 

patches are rotated within a unit cell; (a) transmission coefficients and (b) the phase shift 
 

 

3.2.  Generation of OAM beam 

The numerical solution simulation has been analyzed for (14) in MATLAB at 30.7 𝐺𝐻𝑧, as shown 

in Figure 8. The equation was divided into two parts: the first section shows the OAM waves as seen in 

Figure 8(a), and the other shows the phase compensation in Figure 8(b). The subtraction process was 

performed between them, and the results are shown in Figure 8(c). The numerical solution obtained excellent 

OAM characteristics and high directivity of the phase distribution of the transmitted wave when  the order 

was taken as 𝑙 = +2. 

Figure 9 shows the simulated results for the magnitude and phase distributions of the cross-polarized 

component for the FSS at 𝑧 = 10 𝑚𝑚 under a normal LHCP incident plane wave at frequency 30.7 𝐺𝐻𝑧, 

where Figures 9(a) and 9(b) show the results of the magnitude and phase distributions at the same frequency, 

respectively. It is evident that the cross-polarized component’s center of energy is null, and the distribution of 

energy resembles a doughnut, which is one of the main characteristics of the vortex beam. The spiral gradient 

phase of the vortex beam in the propagation direction cross-section shows two spirals moving inside 2𝜋 in a 

clockwise orientation, suggesting that the vortex beam has a topological charge of 2 [9]. 
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The OAM purity spectrum seen in Figure 10 represents the power distribution of the transmitted 

wave in various OAM modes. In the simulation, the purities of the +2 OAM order mode are almost 92%.  

A higher order OAM mode can likewise be produced with the FSS unit cell. If the FSS array structure is big 

enough, this can be accomplished. On the other hand, a finite-sized OAM generator consists of a set quantity 

of unit cells. The structure must be split equally into 𝑙 pieces, with the phase coverage of 2𝜋 required in each 

part to produce an OAM mode with the topological charge 𝑙. 
Here, the proposed IRM has also been analyzed, as shown in Figure 4. Figure 11 shows the 

simulated results for the magnitude and phase distributions of the proposed IRM. However, in Figure 11(a) 

the center of energy of the cross-polarized component is null, and the energy distribution is somewhat similar 

to the FSS with minor changes, where Figure 11(b) shows the phase distribution at the same frequency. 

Furthermore, the power distribution of the transmitted wave in different OAM modes in the OAM purity 

spectrum with the proposed unit cell was performed with the regular cell, as shown in Figure 12. The mode 

purity for 𝑙 = +2 OAM order is nearly 83% in the simulation.  
 

 

    

(a) (b) (c) 
 

 

Figure 8. MATLAB representation of the phase distribution with 𝑙 =  2 𝑎𝑡 30.7 𝐺𝐻𝑧; (a) OAM wave,  

(b) phase compensation, and (c) subtraction 
 

 

  
(a) (b) 

 

Figure 9. Simulated results for the magnitude and phase distributions of the cross-polarized component for 

the FSS with incidence plane wave LHCP at 30.7 GHz. (a) magnitude and (b) phase distributions in the 

𝑥𝑜𝑦 plane for z = 10 mm 
 

 

 
 

Figure 10. FSS power distribution for the +2 mode OAM generator at 30.7 GHz 
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(a) 

 
(b) 

 
Figure 11. Simulated results for the magnitude and phase distributions of the proposed IRM; (a) magnitude 

distribution and (b) phase distribution 
 
 

 
 

Figure 12. Proposed IRM power distribution for the +2 mode OAM generator at 30.7 GHz 

 

 

In Figure 13, the simulated transmission efficiencies for the FSS and the proposed IRM, shown in 

Figures 2 and 4, respectively, are evaluated and illustrated. These efficiencies are defined as the ratio of the 

power of the cross-polarized component that introduces the OAM mode to the total incident wave power. For 

the FSS, during the range of 30-31.5 GHz, the transmission efficiency of the cross-polarized component 

exceeds 60% and reaches 87% at 30.7 GHz. While with IRM, the simulated transmission efficiency exceeds 

60% at 30-31.3 GHz, and reaches 82% during 30.7 GHz. These are attributed to the excellent transmission 

efficiency and the precise phase difference 𝜋 of the periodic unit cell of the IRM. 

To illustrate the advantages of this scheme, the proposed IRM is compared with the designed OAM 

planner antenna in Table 3. The proposed IRM’s advantage combines high transmission efficiency reaches 

82%, high purity is nearly 83% and small aperture size. Although, Lin et al. [29] has high transmission 

efficiency, the aperture size is large, and the purity is very low. Wang et al. [30], the transmission efficiency 

is low, and the purity is unknown. Qin et al. [31], a transmission phase design based on transmit arrays (TAs) 

with a strong chromatic response leads to a narrow operating band and the transmission efficiency is very 

low. Where both obtain a low transmission efficiency, and low purity [9], [10]. Wang et al. [32], controlled 

PIN ON/OFF is employed to generate multiple transmissive OAM waves in the ±1, ±2, ±3 and ±4 modes, 

though the resulting purity is low and the transmission efficiency is unknown. Moreover, the periodic unit 

cell has a phase-modulated, 13-layer PIN reconfigurable architecture with a 2.6λ profile height. Jiang et al. [11] 

shows a fairly high transmission efficiency in the X-band but suffers from the problem of a very large aperture 

area. Yu et al. [12] suggested a transmitting metasurface (TMS) that features slightly high transmission 

efficiency and purity, and middle aperture size. In the proposed system, the numerical simulation results are 

very consistent showing that the demonstrated IRM, with its reconfigurability and easy phase control, can 
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generate high-purity vortex waves stably and efficiently considering the high efficiency, broadband, and low 

aperture area size. This vortex wave can prevent beam shift and misalignment and utilize the advantages of 

OAM waves well, which are applied to achieve OAM multiplexing and fast alignment in the Ka-band. 

 

 

 
 

Figure 13. Transmission efficiency 

 

 

Table 3. Performance comparison of the proposed designed IRM with that of the current OAM planar 

antenna 

Ref 
Antenna type 
(Polarization) 

Frequency 
Bands (GHz) 

Aperture size (𝜆) OAM modes Reconfigurability 
Efficiency 

(%) 

OAM 

Purity 

(%) 

[29] Meta-lens (LP) 26.5-40.0 12.2×12.2×2.2 1 No 59.5-86.2 >50.0 

[30] ME-FSS (LP) 10.6 8.5×8.5×0.2 1 No > 60.0  

[31] TAs (LP) 10.0 8.0×8.0×0.2 1 No 11.9 >81.5 

 

[32] 

PIN 

Reconfigurable  

(−) 

10.0 6.9×7.3×2.6 

±1 & 
±2 & 

±3 & 

±4 

Yes − 

>60 & 
>60 & 

50 & 

40 

[9] FSS (CP) 10.0-11.1  12.5×12.5× 0.1 2 No >50.0 93.4 

[10] TMS (CP) 10.0 6.0×6.0×0.1  
1 
2 

No 
54.0 
39.0 

− 

[11] TMS (CP) 7.5-10.5  
Circle with 

diameter 12𝜆 
2 No 60.0 − 

[12] TMS (CP) 17-19   9.6×9.6×0.1 ±1 & ±2 & ±3 No 64.4 >70.8 

Prop. IRM (CP) 30-31.3 6.67×6.67×0.067 

Depends on the 
number of unit 

cells 

Yes >82 >83 

 

 

4. CONCLUSION  

The feasibility of dynamically generating and controlling OAM beams at mm-wave frequencies has 

been successfully demonstrated. By integrating reconfigurable graphene with a FSS, an IRM was designed 

and analyzed. The IRM enabled precise control over the phase and amplitude of the incident electromagnetic 

wave, leading to the generation of OAM beams with different topological charges. In the regular FSS, when 

𝑙 = +2, the OAM order’s mode purity was almost 92%, while the OAM purity spectrum with the proposed 

IRM was nearly 83% in the simulation at the same order, while the transmission efficiency of 87% and 82% 

have been achieved, respectively. 

In addition, the bound of the order of OAM mode that can be generated by a fixed array is a crucial 

issue. The generator's utmost OAM order is contingent upon the number of unit cells, which establishes the 

resolution required to accommodate the required phase shift. Consequently, the array can be expanded to 

accommodate a sufficient number of unit cells in the event that a high OAM order is required. The proposed 

method offers a reliable and efficient approach to the generation of OAM modes at mm-wave frequencies. 
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