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Introduction
Because it is anticipated to be a new physical quantity for communication multiplexing and has significant potential for increasing channel capacity and enhancing spectrum resource utilization, researchers have been looking more closely at orbital angular momentum (OAM). Because of its potential to increase transmission capacity, vortex beams carrying orbital angular momentum (OAM) have recently become a focus of much investigation. One of the main challenges now is how to effectively manufacture OAM in the terahertz (THz) spectrum because existing THz vortex wave generation devices are constrained by only functioning at one frequency, having a small bandwidth, and having low conversion efficiency.
Methods
Therefore, this paper proposes a novel OAM metasurface design for generating vortex electromagnetic waves in the THz spectrum. The Pancharatnam-Berry phase idea and the phase superposition principle were used to create a single-layer reflective metasurface and a projected ultra-wideband reflective meta-atom.
Results and discussion
Each OAM mode in the reflected field was broken down using the Fourier transform, and the purity of the OAM modes was quantitatively examined. The dominant OAM mode had the highest energy weight share (l = −2) in all vortex waves at various frequencies, and the designed metasurface was further optimized to enhance the energy share corresponding to the dominant mode. With its high main mode energy, wide operating bandwidth, and excellent conversion efficiency, the proposed metasurface provides a benchmark for the effective production of wideband THz vortex waves.
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1 INTRODUCTION
Electrical waves with wavelengths between microwaves and infrared, ranging from 0.03 mm to 3 mm, and frequency between 0.3 THz and 10 THz are known as terahertz (THz) waves. Compared with microwaves, THz waves have narrower beams and have advantages such as large communication bandwidth, strong anti-interference ability, high resolution, and low photon energy. They also have the penetrability of millimeter waves and the controllability of light waves. It has a lot of potential applications in the domains of high-speed communications [1–3], bioimaging [4–6], holographic projection [7–9], and spectral detection [10–12]. Electromagnetic waves carry both linear and angular momentum; examples of angular momentum are orbital angular momentum (OAM) and spin angular momentum (SAM) [13, 14]. OAM, as a basic physical quantity of electromagnetic waves, was discovered and defined in Laguerre–Gaussian (LG) beams by [15] and has attracted widespread attention from researchers at home and abroad.
An essential aspect of electromagnetic waves is that their amplitude and polarization characteristics are the same as the OAM. They are all physical properties of electromagnetic waves. The beam carrying OAM is also called a vortex beam, and its phase distribution is e−ilθ, characterized by a spiral phase wavefront. In theory, the spatial structures of OAM beams of different modes are different and mutually orthogonal. By utilizing their orthogonality, multiplexed orthogonal signals can be transmitted at the same frequency, greatly improving the spectrum efficiency and communication capacity of the communication system. Therefore, it has attracted widespread attention from researchers. High-speed wireless communications might benefit greatly from the combination of terahertz and orbital angular momentum technologies, which fully utilizes their respective advantages and can boost wireless communication systems’ bandwidth and capacity. Therefore, generating reconfigurable high-quality OAM beams in the terahertz band is a prerequisite for the combination of terahertz and orbital angular momentum technologies.
Metasurfaces are thin-film devices composed of subwavelength structures that can obtain phase mutations on a two-dimensional plane at a subwavelength scale. They have low profiles, strong controllability, low losses, and are easy to process. These advantages make them one of the ideal methods for generating THz-OAM beams. Compared with natural materials, it has high flexibility and provides a new idea and method for the development of efficient wavefront control in the terahertz band. As of right now, scientists have finished a number of studies on THz wavefront control based on metasurfaces and investigated its many potential uses in vector beams, multiplexing, lenses, holography, etc. Considering the characteristics of different materials, periods and electromagnetic field distribution, the work of terahertz metasurface wavefront control can be divided into metal and dielectric metasurfaces, periodic, quasi-periodic and randomly distributed metasurfaces, and metasurface far-field and near-field wavefront control. These include the far-field and near-field wavefront control of THz, which differ greatly in concept, implementation technique, and application scenario due to the electromagnetic field dispersion characteristics. First, far-field wavefront control is the control of spatial light, and near-field control is mainly for bound states propagating on the surface, including surface waves or boundary states. There is an essential difference in the dispersion curves of the two. Secondly, the two also have great differences in processing methods and generation and detection means; in addition, there are also great differences in the application scenarios of far-field and near-field metasurface wavefront control. THz metasurfaces provide efficient solutions, such as high-resolution imaging and quick detection, because of their unique electromagnetic characteristics and microscale periodic structures. The drawbacks of conventional OAM sources in OAM production can be addressed by metasurfaces. It boosts the OAM generator performance by modifying electromagnetic waves, particularly in communication enhancement through increased bandwidth and conversion efficiency.
With a spiral spatial phase distribution exp⁡ilθ and a circular intensity distribution with a center of 0, the electromagnetic beam carrying OAM is also referred to as a vortex beam. The spatial azimuth is represented by θ, and the OAM topological charge number, or mode number, can be either an integer or a decimal. OAM is anticipated to become a new degree of freedom for transmission multiplexing and has a wide variety of applications in the disciplines of optics and communications since vortex waves with various modes are orthogonal and do not interfere with one another. Currently, the OAM has been successfully applied in the fields of optical micromanipulation [16], super-resolution imaging [17] and high-speed information transmission [18]. Therefore, how to efficiently generate THz vortex waves in broadband has become one of the key issues in related research fields.
Traditional methods of generating vortex waves include annular array antennas [19], spiral phase plates [20] and holographic diffraction gratings. Among them, the annular array antenna requires the design of a complex feeding network, which has high system costs. Other optical devices are large in size and expensive, which is not conducive to integration and miniaturization. In order to circumvent intricate feeding designs, metasurfaces [21, 22] are a revolutionary artificial structure made up of subwavelength components that can dynamically regulate electromagnetic waves’ polarization, phase, and amplitude. Because of their compact size, light weight, low production cost, and ease of processing, researchers choose them. Terahertz vortex beams are now best produced using metasurfaces. In recent years, more and more researchers have tried to generate vortex waves through metasurfaces. For example, the authors in [23] proposed a metasurface with a “V” unit structure, which achieved the vortex wave generation with l = 1 in the infrared band. The authors in [24] used reconfigurable graphene loaded on the metasurface to generate vortex beams at 1.6 THz. Based on a multilayer graphene structure, the authors of [25] suggested a reflective metasurface that produced vortex beams with frequencies between 1.8 and 2.8 THz. In [26], the authors suggested a cross-structured unit metasurface that produced vortex beams with an 86% conversion efficiency in 0.8 THz ∼ 1.4 THz. A frequency-switchable metasurface was proposed by the authors in [27], and it produced vortex beams at 0.7 THz and 1.23 THz, respectively. Vortex waves are produced in several modes. The above-mentioned metasurface has problems such as single working frequency, small bandwidth, and low conversion efficiency when generating terahertz vortex waves.
This paper proposes a broadband THz vortex wave metasurface composed of a single-layer geometric phase unit. The main innovations of this article are as follows.
	1. The geometric phase is also called pancharatnam-berry (P-B) phase. The P-B phase is independent of frequency and is only related to the phase control related to the unit rotation angle, which realizes the high-efficiency generation of THz vortex waves.
	2. By rotating the metasurface unit to obtain a reflection phase range of 0°–360°, a metasurface with l=±2 is constructed according to the compensation phase distribution, and numerical simulation is performed on it.
	3. The simulation results under circularly polarized plane wave excitation show that the ultra-broadband terahertz vortex wave metasurface proposed in this paper has the following advantages: a) Vortex waves are generated in a range of 0.82 THz to 2.09 THz (relative bandwidth 87.3%); b) The conversion efficiency of the metasurface is higher than 94.7%; c) The OAM mode purity is high, which provides a reference for efficient generation of THz vortex waves.

The remainder of this paper is organized as follows. In Section 2, the theoretical analysis and metasurface unit design is presented. In Section 3, the broadband vortex wave metasurface design is discussed. In Section 4, the simulations analysis is performed followed by performance comparison. In Section 5, the conclusion is discussed.
2 THEORETICAL ANALYSIS AND METASURFACE UNIT DESIGN
The principle of the reflective metasurface to generate vortex beams is to reflect the plane wave with SAM into a structural wave carrying OAM. In order to simplify the design process and design high-performance units more conveniently, this study examines the metasurface’s incident field and dispersed field using the Jones matrix. The conversion process of SAM-OAM under the incidence of circularly polarized waves is as follows, as seen in Figure 1, in the rectangular coordinate system, following the rotation of the metasurface unit by an angle φ.
rll=12rxx−ryy+jrxy+ryxe−j2φ(1)
rlr=12rxx+ryy+jrxy−ryx(2)
rrr=12rxx−ryy−jrxy+ryxej2φ(3)
rrl=12rxx+ryy−jrxy−ryx(4)
where, rxy, ryx, rlr and rrl denotes the reflection coefficients of cross-polarization; φ is the rotation angle; rll and rrr are the reflection coefficients of co-polarization; rxx and ryy denotes the reflection coefficients of co-polarization for x- and y-polarized waves. It can be concluded from Equations 1–4 that when the circular polarization state of the reflected field remains unchanged relative to the incident field, the reflected field will carry an additional phase term e−j2φ and ej2φ related to the unit rotation angle φ. When the circular polarization state of the reflected field is converted, there will be no phase difference between the incident and scattered fields.
[image: Diagram showing two configurations of a yellow geometric shape with axes. Image (a) is aligned with horizontal x and vertical y axes. Image (b) is rotated, showing x, y, and v axes with angle phi marked.]FIGURE 1 | Metasruface unit design. (a) No rotation; (b) With rotation.According to the P-B phase theory, any phase difference of 0°–360° can be obtained by rotating the metasurface unit, and the spiral phase wavefront can be modulated into a reflected wave, which is a necessary condition for the metasurface to generate a vortex beam [28]. The designed metasurface compensation phase surface is constructed using units with different rotation angles, which can realize any expected wavefront control of the reflected electromagnetic wave. Under circularly polarized wave incidence, in order to achieve a higher SAM-OAM conversion efficiency, the amplitude of the reflection coefficients rll and rrr of the metasurface unit should be as close to 1 as possible. Therefore, to achieve efficient co-polarization conversion, the designed metasurface unit only needs to meet the following conditions:
rxx≈ryy≈1(5)
argrxx−argryy=180o(6)
In order to achieve a larger system operating bandwidth and efficiently generate vortex beams in a wide bandwidth, Equation 7 states that the phase of the metasurface unit’s co-polarization reflection coefficient at various rotation angles must have a similar slope within the (fmin, fmax) bandwidth.
∂Φl,l∂fmin≈∂Φl,l∂fi≈∂Φl,l∂fmax(7)
Among them, fmin and fmax are the lower and upper cutoff frequencies; fi is any frequency in the (fmin, fmax) band. Φl,l represents the reflection phase under the incidence of left-hand circular polarization (LCP) waves. Applying right-hand circular polarization (RCP) wave incidence has the same effect.
Based on the above discussion, in order to achieve high-performance SAM-OAM conversion, Figure 2a illustrates the anisotropic metasurface unit designed in this paper. Figure 2b illustrates the unit’s three-layer structure. The upper layer is a rectangular metal with a central opening and a “concave” groove that is symmetrical up and down. Polytetrafluoroethylene serves as the dielectric substrate in the middle layer. (F4B, εr = 2.65, tan⁡δ = 0.001), with a height of h = 30 μm. The lower layer is a metal ground [29]. The unit is a mirror-symmetrical structure with a period of p = 100 μm. In order to achieve a larger bandwidth, the unit structure parameters are optimized by combining genetic algorithms, and finally a metasurface unit structure that meets the above theoretical requirements is obtained, as shown in Figure 2c. The specific parameters are a = 28 μm, b = 80 μm, a1 = 5 μm, b1 = 20 μm, a2 = 10 μm, b2 = 20 μm. By rotating the upper metal structure, the metasurface unit has a continuous reflection phase range of 0°–360°. The electrical size of the proposed metasurface unit is approximately 0.5 λ0 (λ0 is the center frequency wavelength) of the center frequency fc = 1.5 THz.
[image: Three illustrations depict a rectangular structure with specific labels. (a) Shows the structure's dimensions labeled as p, x, y, z, and h, with a yellow pattern on top. (b) Shows the structure with additional layers labeled PEC and F4B, featuring an indented yellow pattern. (c) Displays a top view highlighting dimensions labeled a, b, a1, b1, a2, and b2.]FIGURE 2 | Anisotropic mestasurface unit design. (a) 3D side view; (b) Three-layer structure; (c) Unit structure.3 BROADBAND VORTEX WAVE METASURFACE DESIGN
Considering that 1.5 THz is the center frequency and it is composed of M×N units, M=N=16 is selected in the design. The metasurface needs to have a vortex phase distribution so that the reflected wave can carry the vortex phase. Consequently, the phase distribution of eilθ on the metasurface must be modulated in order to produce an OAM vortex beam in the metasurface reflection field [30]. Figure 3 illustrates how the metasurface generates vortex waves.
[image: Diagram illustrating an incident wave interacting with a surface, reflecting as a wave above. The surface contains yellow patterns and lies on an xy-plane. The reflected wave is directed upwards.]FIGURE 3 | Vortex wave production principle by the metasurface.The metasurface is set on the x-o-y plane which is illustrated in Figure 3, and the position of any unit in the metasurface can be expressed by coordinates xi,yi. The phase distribution of the vortex wave is defined in Equation 8:
φ1xi,yi=l⁡tan−1yixi(8)
where, l is for phase singularity which indicates the OAM mode number [31–33]. This paper will take l = ± 2 as an example to illustrate its principle, as shown in Figure 4a. The focusing phase must be combined in order to transform the spherical wave emitted by the feed antenna into a plane wave since it does not satisfy the plane wave incidence criterion of the vortex metasurface [34–36]. In this paper, the feed antenna is placed at the focus F, and its focusing phase distribution function is defined in Equation 9:
φ2xi,yi=k0F2+xi2+yi2−F(9)
[image: Three phase distribution heatmaps, labeled (a), (b), and (c), show varying patterns. Each map uses a color gradient from blue (0 degrees) to red (360 degrees). (a) displays a cross pattern, (b) features concentric circles, and (c) presents a spiral. Each map has axes labeled in micrometers with a consistent color bar for phase degrees.]FIGURE 4 | Phase distribution determination of metasurface. (a) Vortex phase φ1; (b) focus phase φ2; (c) total compensation phase φtot.Where: k0k0=2π/λ0 represents wave number in the free space; F represents the focal length. In this paper, it is set to F = 1,000 μm [37–39]. The focusing phase distribution is depicted in Figure 4b. Equation 10 can be used to determine the compensation phase needed for each metasurface unit at each place in accordance with the phase superposition principle.
φtotxi,yi=φ1xi,yi+φ2xi,yi(10)
According to the compensation phase, the rotation angle of the unit at any position can be obtained as φtot/2. According to the numerical results displayed in Figure 4c, the reflected wave’s phase distribution exhibits a spiral distribution and spans 0°–360° [40–42]. It is theoretically possible to create a continuous spatial phase change OAM vortex wave metasurface with an arbitrary topological charge number by determining the compensation phase and positioning the metasurface units with varying rotation angles.
4 SIMULATION RESULTS
4.1 Unit simulation results and analysis
We have given the structure and parameters of the metasurface unit above [43–45]. The simulation settings and simulation results of the metasurface unit are illustrated in Figure 5a. We can see from Figure 5b, the amplitude of the reflection spectrum is close to 1 under the incidence of x- and y-polarized waves, satisfying Equation 5. It has a phase difference of 180° in a wide band, satisfying Equation 6. These two points are necessary conditions for generating vortex waves in a wide band [46–48]. Equation 11 can be used to determine the unit’s conversion efficiency under the incidence of circularly polarized waves:
Eefficiency=rll2rll2+rlr2(11)
[image: (a) Diagram showing an incident port with two modes on a 3D structure with axes labeled x, y, and z. (b) Graph depicting reflection magnitude and phase versus frequency in terahertz. Curves are in red and blue, representing different metrics. (c) Graph showing reflection magnitude and efficiency versus frequency in terahertz, using red and blue lines. (d) Graph displaying reflection magnitude and phase versus frequency, with multiple curves for different angles in varying colors.]FIGURE 5 | Simulation design and results. (a) Metasurface unit simulation setup; (b) Reflection spectrum and phase difference under linear polarization wave excitation; (c) Reflection spectrum and conversion efficiency under circularly polarized wave excitation; (d) Reflection spectra at different rotation angles under circular polarization wave excitation.As shown in Figure 5c, under circular polarization wave incidence, in 0.82 THz ∼2.09 THz, the co-polarization reflection coefficient amplitude of the developed broadband unit is greater than 0.97 (relative bandwidth of 87.3%), a conversion efficiency greater than 94.7%, and a cross-polarization reflection coefficient amplitude less than 0.23 [49–51]. More importantly, it can be observed from Figure 5d that for the metasurface units at different rotation angles, the phase of their reflection spectra remains parallel within the bandwidth frequency range as expected, satisfying Equation 7, and the amplitude of the co-polarization reflection spectrum is greater than 0.95. These two points are very important for constructing a metasurface with high performance and high purity OAM characteristics.
The electromagnetic response simulation results of the metasurface unit above show that the metasurface unit proposed in this paper has high performance and can be used to construct an efficient broadband vortex wave metasurface [52–54].
4.2 Metasurface simulation results and discussion
According to the previously examined SAM-OAM conversion idea, the aforementioned metasurface units can be positioned at different rotational angles to construct a metasurface with the required vortex phase distribution eilθ. Figure 6 displays the metasurface with l= ±2 that was created in this paper [55–57]. Only the incident wave’s polarization direction is connected to the positive and negative values of l in Figure 6.
[image: Yellow cars are arranged in a spiral pattern on a gray background. Each car is angled slightly to create the overall spiral effect. A colorful swirl is visible in the bottom right corner.]FIGURE 6 | Metasurface topology with l= ±2 OAM mode.The specific topology is composed of 16 × 16 rotated metasurface unit arrays. The numerical simulation uses 1 THz to 2 THz to demonstrate that the suggested metasurface may produce vortex waves in a wideband, and its vortex characteristics are verified by near- and far-field performance. Under RCP wave, the metasurface proposed in this paper generates a THz wave with l=−2 [58–60]. The right-handed component in the reflected field at different frequencies is sampled and decomposed, and the sampling plane size is 1,600 μm × 1,600 μm, as shown in Figure 7. The electric field amplitude is a hollow ring, and the phase distribution is a symmetrical double helix around the unique point, as determined by the right-handed component in the sampling field. It is demonstrated that the metasurface created in this study can make the reflected electromagnetic wave convey OAM in a broadband since the phase change range is 0°∼360°, which is consistent with attributes of OAM [61–63]. Figure 8 illustrates the 3D radiation pattern in the far-field of RCP in the reflected field excited by the Archimedean spiral antenna at several typical frequencies. The radiation gain at all frequencies is greater than 10 dB.
[image: Heat maps and phase patterns display energy distribution at frequencies of 1.00, 1.25, 1.50, 1.75, and 2.00 THz. Top row: varying intensity color maps. Bottom row: colorful spiral phase patterns. Vertical color bars indicate maximum and minimum values.]FIGURE 7 | Amplitude and phase evaluation of vortex waves at l=−2 (near-field).[image: Two 3D polar plots show gain distribution with axes labeled X, Y, and Z. Plot (a) features a red peak, with gain ranging from negative twenty to ten decibels. Plot (b) also shows a red peak, with gain from negative twenty to fifteen decibels. Both plots have a color gradient from blue to red representing gain levels. Three 3D gain plots at 1.50 THz show radiation patterns with axes labeled x, y, and z. Each graph is color-coded, with red indicating higher gain values and blue indicating lower ones. Gain scale ranges from -20 to 15 decibels.]FIGURE 8 | 3D radiation pattern evaluation of vortex waves at l=−2(far-field). (a) 1 THz; (b) 1.25 THz; (c) 1.5 THz; (d) 1.75 THz; (e) 2 THz.The OAM mode purity can be used to describe the energy distribution of vortex waves with different mode numbers in the reflection field, which can well illustrate the quality of vortex waves [64–66]. This work decomposes several OAM modes in the reflection field using the Fourier transform in order to quantitatively examine the OAM mode purity. Using the phase singularity of the vortex beam as the center, the Fourier transform is applied to a circular electric field data set along the main beam. The corresponding calculation formula is as follows in Equations 12, 13:
Al=12π∫02πEφe−ilφdφ(12)
Eenergy weight=Al∑l′=−77Al′(13)
Among them, Eφ is the selected annular electric field; Al is the amplitude of each mode. Considering the OAM mode of l=−7 to l=7, the Fourier spectrum analysis are depicted in Figure 9. It can be seen from Figure 9, among the proportions of OAM modes at different frequencies, the main mode l=−2 has the highest energy [67–69], demonstrating that the primary mode of the vortex wave produced by the metasurface is identical to the mode that the metasurface specified.
[image: Two bar graphs (a) and (b) depict the weight distribution across modes from negative seven to seven. Both graphs show a prominent peak at negative two. Minor peaks are at negative seven, one, and seven. Vertical axes represent weight, while horizontal axes indicate the number of modes. Bar charts labeled (c), (d), and (e) showing the distribution of weights across modes from minus seven to seven. Chart (c) peaks at mode minus two, chart (d) at minus two and two, and chart (e) at minus two. X-axis denotes number of modes, y-axis denotes weight.]FIGURE 9 | Spectral weight of OAM under different frequencies. (a) 1 THz; (b) 1.25 THz; (c) 1.50 THz; (d) 1.75 THz; (e) 2 THz.4.3 Metasurface optimization simulation and discussion
In the above, we simulated the metasurface composed of 16 × 16 units and analyzed the mode intensity ratio. As shown in Figure 9, the intensity ratio of the main mode l=−2 is about 0.6 at each frequency. To improve the main mode intensity ratio, we first optimized the size of the metasurface, increased the number of units [70], and designed a rectangular metasurface composed of 20 × 20 metasurface units, as shown in Figure 10a. The vortex waves reflected by the rectangular metasurface at different frequencies and the corresponding spectra are shown in Figure 11.
[image: (a) Pattern of randomly oriented short yellow lines on a gray square background, with an inset showing a colorful spiral graphic. (b) Similar pattern on a circular background, with a superimposed yellow rectangle and diagonal line.]FIGURE 10 | Optimized topology of metasurface with l=±2 OAM mode. (a) Rectangular metasurface; (b) circular metasurface.[image: Two graphs labeled (a) and (b) show bar charts of weights versus number of modes, ranging from -7 to 7. Insets display colorful patterns. The left insets show amplitude maps with red, yellow, and blue regions, while the right insets show spiral phase maps ranging from 0 to 360 degrees. Both charts have a similar amplitude distribution, with prominent weights at mode -2. Three panels labeled (c), (d), and (e) depict bar graphs showing "Weight" against "Number of modes," with dominant peaks at mode -2. Each panel includes two insets: one showing "Amplitude |E|" with a colorful pattern ranging from min (blue) to max (red), and another showing "Phase ∠E" with a spiral pattern ranging from 0 degrees (red) to 360 degrees (pink).]FIGURE 11 | Energy proportion and spectral analysis of the rectangular metasurface in near-field. (a) 1 THz; (b) 1.25 THz; (c) 1.50 THz; (d) 1.75 THz; (e) 2 THz.As shown in Figure 11, the energy proportion of the main mode l=−2 at each frequency is about 0.76, which is significantly higher than that of the rectangular metasurface composed of 16 × 16 units. Rectangle is the most commonly used shape in metasurface design [71]. We optimized it to a circle to study its influence on the main mode intensity and designed a circular metasurface with a radius of 82×p, as depicted in Figure 10b. Figure 12 shows the simulation results of the circular metasurface. As indicated in Figure 12, the intensity of l=−2 vortex wave reflected by the circular metasurface is increased to about 0.88 at each frequency, verifying that the circular metasurface design can effectively improve the main mode intensity.
[image: Three panels labeled (a), (b), and (c) showing bar graphs of the weight versus the number of modes from -7 to 7, with significant peaks at mode -2. Each panel includes two insets: one depicts a colorful concentric amplitude pattern, and the other shows a swirling rainbow phase pattern ranging from 0 to 360 degrees. The overall pattern and distribution appear similar across panels. Two graphs labeled (d) and (e) showing the weight against the number of modes ranging from -7 to 7. Both graphs have insets displaying amplitude and phase patterns. The amplitude is depicted as a colorful, complex pattern and the phase is shown as a rainbow spiral, with a color bar indicating a range from 0 to 360 degrees. Both graphs have a prominent bar at -2.]FIGURE 12 | Energy proportion and spectral analysis of the circular metasurface in near-field. (a) 1 THz; (b) 1.25 THz; (c) 1.50 THz; (d) 1.75 THz; (e) 2 THz.The significance of simulation calculation is to provide reference for practice. In actual processing, errors are inevitable in metasurfaces. Therefore, this paper takes possible errors into consideration in simulation to study their influence on the mode field distribution of reflected vortex waves. The size error is randomly selected as ±2 μm, and the rotation angle error distribution is shown in Figure 13a. A circular metasurface is constructed and simulated at the center frequency, as illustrated in Figure 13b. Under the influence of the error, the main mode intensity is significantly reduced, and the intensity of other crosstalk modes is increased. However, on the whole, within a certain range, the primary mode intensity still makes up the majority of the mode field distribution of the reflected vortex wave, and the error has minimal impact on it.
[image: (a) A graphical representation of angle error using a color gradient from blue to red, depicting values from negative two to positive two. (b) A bar chart displays weight versus the number of modes, with two inset images showing amplitude and phase distributions. The bars compare no error (blue) with error (red), highlighting mode number distinctions.]FIGURE 13 | Vortex wave rotation angle error evaluation and spectral analysis. (a) Rotation angle error distribution; (b) Metasurface simulation results with errors (at 1.5 THz).Figure 14 evaluates the efficiency of the metasurface for different operating frequencies. As can be seen from Figure 14, the performance under different OAM modes is consistent with desired performance which validates the effectiveness.
[image: Line graph showing efficiency versus frequency in terahertz (THz) for four datasets labeled l = +1 to +4. Efficiency decreases as frequency increases, with variations in the rate of decrease among the datasets. Each dataset is represented with different markers: diamonds, stars, triangles, and circles.]FIGURE 14 | Efficiency evaluation of the metasurface.Figure 15 evaluates the transmission coefficient of the metasurface with different values of THz frequencies. The x and y values of the transmission coefficient are analyzed. As can be seen from Figure 15, the transmission coefficient of both reached to maximum at 0.94 THz and 1.54 THz which is desired for practical deployment.
[image: Line graph showing transmission coefficient versus frequency in terahertz (THz). The blue line with stars represents \( t_{xx} \), while the red line with diamonds represents \( t_{yy} \). Both lines exhibit peaks and valleys, with significant dips around 1.06 THz and 1.42 THz.]FIGURE 15 | Transmission coefficient evaluation of the metasurface under various THz frequencies.Table 1 shows the performance comparison of the unit designed by us and other units that generate OAM vortex wave beams in the THz band. The data used in Table 1 are all simulation data published in the corresponding articles. The results show that the unit designed by us can achieve efficient operation in a larger bandwidth and achieve a good balance between bandwidth and efficiency.
TABLE 1 | Performance comparison of proposed and existing metasurface structures.	Reference	Operating frequency (THz)	Relative bandwidth (%)	Efficiency (%)	Phase modulation method
	[25]	1.8 ∼ 2.8	43.5	-	Graphene chemical potential
	[26]	0.8 ∼ 1.4	54.5	92	Geometric Phase
	[27]	0.9 ∼ 1.8	66.7	90	Geometric Phase
	[28]	0.3 ∼ 0.45	40	-	Geometric Phase
	[29]	5.1 ∼ 7.4	36.8	80	Transmission Phase
	Proposed	0.82 ∼ 2.09	87.3	94.7	Geometric Phase


5 CONCLUSION
In this research, a high-performance geometric phase unit with free phase control of electromagnetic waves is proposed. To develop a broadband terahertz vortex wave metasurface with l=±2, the geometric phase concept and the phase superposition principle are combined. The metasurface’s near-field and far-field performances are simulated and confirmed. According to the simulation results, the developed metasurface can produce vortex beams carrying OAM in the 0.82 THz to 2.09 THz frequency range with the maximum energy share of the primary mode of OAM, a conversion efficiency of over 94.7%, and a radiation gain of over 10 dB. The designed metasurface is optimized and simulated. By increasing the number of units and designing the metasurface as a circle, the main mode intensity ratio can be effectively improved. The influence of errors on the mode field distribution of reflected vortex waves is simulated and analyzed. The benefits of the metasurface designed in this research include a large working bandwidth, high main mode intensity, high conversion efficiency, and a simple structure. It has the potential to be used in THz communication and imaging, and broadband terahertz vortex waves generation.
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