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Fast and versatile beam forming and steering technologies are now crucial for various emerging applications, including wireless optical communications and optical switches. However, these technologies often rely on expensive components, such as spatial light modulators (SLMs) and optical phase arrays (OPAs), which come with complex and power-consuming control systems. In response to this challenge, we propose a dynamic beam-switching method inspired by the mode-hopping effect of lasers. As a proof of concept, we introduce the dynamic beam switching metasurface (DBSM) design, featuring an in-plane mechanical actuation system. Our numerical analyses, based on the finite element method (FEM), demonstrate that the proposed DBSM exhibits versatile beam forming and steering functionalities. These include beam splitting and omnidirectional beam steering. Moreover, we anticipate that the tuning speed of the DBSM will reach the kilohertz (kHz) range or even higher when utilizing a microelectromechanical systems (MEMS) actuator, building upon pioneering research in this field. We envision it holds promising applications in areas such as light detection and ranging (LiDAR), optical wireless communication devices, and optical switches.
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1 INTRODUCTION
The precision control of optical beams is of paramount importance for numerous emerging applications, encompassing light detection and ranging [1–3], free space optical communications (FSO) [4–7], optical multiple-input multiple-output (MIMO) [8, 9], optical switches [10–12], structured light [13, 14] and beyond. Emerging technologies now demand more versatile beam steering techniques beyond merely controlling the propagation direction of individual beams. For example, multiple beams and structured light have now been widely applied to LiDARs and 3D scanners. Optical MIMO utilizes beam steering to guide beams emitted by individual light sources in various directions. This relies on fast beam-switching technologies, which enable spatial multiplexing, facilitating simultaneous data transmission across multiple spatial channels. Similarly, multiple-beam steering technology is now required to switch the optical signal not only from one channel to another (one to one) but also from one-to-multiple and multiple-to-multiple channels. These prospective applications motivate the development of optical beam generation and steering devices towards vast functionalities with merits, such as high deflection speed, good directivity, ultra-compactness, lightweight, and more.
Two key technologies, i.e., spatial light modulators [15–19] and optical phase arrays [20–22], have been intensively studied for achieving multiple beam generation and steering, enabling diverse applications in fields such as communications, imaging, and sensing. SLMs manipulate the diffraction pattern of the output beam by introducing pixel-by-pixel variations in the amplitude, phase, or both of the incident light beams, relying on a sophisticated control system to modulate each pixel individually. In the present day, compact and high-speed spatial light modulator (SLM) devices predominantly rely on liquid crystal on silicon (LCoS) technology [23, 24]. These devices utilize the nonlinear behavior of liquid crystals (LCs) to drive phase and amplitude shifters on a silicon chip. However, LCoS SLMs face several challenges, including cost, complexity, slow deflection speeds, limited deflection angles, and temperature sensitivity. Efforts to mitigate these limitations, such as incorporating angle amplifiers, often introduce additional system complexity and optical losses. Similarly, OPAs encounter technological challenges due to the use of optical antennas that are significantly smaller than the operational wavelength. These limitations impact the performance and design of OPAs, necessitating innovative solutions to address their unique constraints, e.g., the development of tunable optical delay lines [25–27]. Micro-/nanoelectromechanical systems (MEMS/NEMS) provide another conventional method, steering light beams through the rotation of micromirrors. Nevertheless, their applicability is confined to specific deflection angles due to the limited working states of the micromirrors, restricting their use in diverse fields [28]. Therefore, a simple and yet efficient method for generating and steering multiple optical beams remains elusive.
Metasurfaces, which can be categorized into metallic metasurfaces and dielectric metasurfaces, leverage various physical phenomena. These include Mie resonance [29, 30], toroidal moment [31], bound states in the continuum [32, 33], topological effects [34], and other phenomena. These effects are harnessed through precise manipulation of the amplitude, phase, and polarization of incident waves. Leveraging their remarkable ability to manipulate light, metasurfaces exhibit extraordinary phenomena such as perfect focusing [35, 36], high-efficiency holography [37–39], beam forming and steering [40–44], and flat lenses [45–47]. Leveraging mechanical motion, a recent demonstration of cascaded metasurfaces highlights several advantages, including low cost, ease of fabrication, simple control systems, compactness, and high modulation speed [48]. In comparison to other beam steering methods, this approach emerges as a cost-effective and efficient solution for dynamic beam control. Conversely, the widely recognized mode-hopping effect in tunable cavity lasers reveals that the laser’s output frequency is influenced by the overlap between the gain spectrum and the cavity modes in the frequency domain [49, 50]. This mechanism can be extended to the angular domain by leveraging the design flexibility of metasurfaces, resulting in a versatile yet concise approach for multiple-beam generation and steering. Supplementary Table S1 provides an overview of the advantages and disadvantages of various beamforming and steering technologies, including LCoS SLMs, OPAs, and reconfigurable metasurfaces. Among these, reconfigurable metasurfaces exhibit promising benefits such as low cost, energy efficiency, rapid tuning speeds (ranging from milliseconds to microseconds), and feasibility for on-chip integration.
Here, we introduce a cascaded metasurface comprising a converter array and a tuner array. This innovative design leverages the angular mode hopping effect to enable seamless switching of the output angular mode by translating the tuner array. The cascaded metasurface’s design flexibility empowers us to artificially control critical parameters of beam steering devices, including the maximum beam deflection angle, the number of array elements, and the mode switching function. To validate this concept, we have meticulously designed and numerically demonstrated a translation-controlled cascaded metasurface for beam switching, operating at a wavelength of 1,550 nm. Remarkably, this metasurface allows for mode switching among single-angular-mode (SAM), dual-angular-mode (DAM), and four-angular-mode (FAM), while consistently maintaining a sidelobe suppression ratio (SSR) below −9 dB. Compared with the LCoS SLMs [23, 24] and OPA-based [20–22] beam generation and steering technologies, the DBSM exhibits remarkably versatile functionalities, all while being controlled by a system with only two degrees of freedom. Therefore, our proposed translation-controlled cascaded metasurface offers a concise pathway to realize dynamic multiple-beam generation and steering across various applications, including FSO communication, LiDAR, optical MIMO, and optical switching.
2 THE ANGULAR MODE-HOPPING EFFECT
The mode-hopping effect in lasers was first observed in the 1960s, which is a sudden jump in output optical frequency associated with transitions between different modes of the laser’s cavity [51–54]. The mode-hopping effect is a complex nonlinear process introduced by external influences during the laser operation, such as temperature drift, laser cavity vibration, and random noises, et.al. Nevertheless, the basic principle of laser mode hopping can be simplified based on the mode competition theory of the laser, as shown in Figure 1A. The laser’s output frequency is governed by the overlapping between the spectrum of the gain medium and the cavity modes. As a result, the output laser mode can be tuned by the variation of either the gain medium or the laser cavity.
[image: Figure 1]FIGURE 1 | Schematics of mode-hopping effects in tunable lasers and MML arrays. (A) The mode-hopping effect of a tunable laser where the output frequency is tuned by changing the resonance cavity length. The output frequency is governed by the mode competition process, which can be tuned by the overlapping of the gain profile (red lines) and cavity modes (blue lines) in the frequency domain. (B) The angular-mode-hopping effect of an MML array where the radiation patterns of metasurface mirrors are tuned. The angular modes, i.e., the deflection angles of the output beams, are governed by the overlapping of the MML radiation patterns (red lines) and the 2D grating angular modes (blue lines).
The principle of the laser’s mode-hopping effect can also be applied to a two-dimensional (2D) grating consisting of an array of micro-sized metalens (MML), as shown in Figure 1B. The 2D grating is a periodical array along both x- and y-directions, resulting in diffraction orders oriented in both directions. Here, we define those diffraction orders as the angular modes (AMs) of the MML array, which is the counterpart of the cavity modes of the lasers. The mode number of AM(m, n) is defined according to the diffraction orders of the 2D gratings where m and n are the diffraction orders along x- and y-directions, respectively. For example, the angular mode is expressed as AM(0, 0) when the diffracted beam is the 0th-order diffraction along both x- and y-directions. Therefore, the diffraction angles [image: image] of an output beam can be expressed by AM(m, n) which is predefined by the period and effective refractive indices of the MML array. Here, [image: image] and [image: image] are the elevation and azimuth angles, respectively, which can be derived by the wavevector matching conditions along x- and y-directions as,
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where [image: image] is the wave number of the output beam and [image: image] and [image: image] are the MML period along x- and y-directions, respectively. [image: image] and [image: image] denote the modulus of grating vectors along x- and y-directions, respectively.
The radiation pattern [image: image] of an MML is determined by its phase and amplitude profile, i.e., P(x, y) and A(x, y), and the incident electromagnetic (EM) field, i.e., Pi(x, y) and Ai(x, y). The [image: image] can be expressed based on plane-wave expansion method as,
[image: image]
where [image: image] and [image: image] are the diameters of the MML along x and y-directions, respectively. A(x, y) and P(x, y) are the amplitude and phase of the MML unit cell transmission coefficient, respectively. Pi (x, y) and Ai(x, y) are the phase and amplitude of the incident EM wave, respectively. [image: image] is the wavevector of the output beam, which is a function of [image: image] and [image: image] is the displacement of the unit cell from the center of the MML which is set as the reference plane for the output phase profile.
Similar to the laser mode-hopping effect, the angular mode of the output beam can be selected when the maximum intensity of the MML radiation is superimposed with one of the angular modes A (m, n) in the angular domain. Therefore, the phase and amplitude profiles of the MML can be derived by substituting Eqs 1, 2 to Eq. 3 with given mode numbers m and n. In other words, the MML can be rationally designed to control the angular mode of the output beam.
3 DESIGN OF THE DBSM
The working principles of the DBSM are shown in Figure 2. The DBSM is an MML array composed of a converter array and a tuner array. The converter array is to convert the incident wavefront to a reconfigurable wavefront. The tuner array can be actuated within the x-y plane with a displacement denoted as D (x, y). The insert shows the working principle of an MML composed of two cascade metasurfaces. Each layer of the cascaded metasurface consists of unit cells composed of a silicon cylinder patterned on a silica substrate. The optical response of a single unit cell can be obtained through numerical simulation using the finite element method. We considered periodic boundary conditions around a single unit cell in both directions to simulate an infinite size of the array. Furthermore, perfectly matched layers (PML) were assumed at the top and bottom of the structure, preventing any light reflection that does not happen in a real scene. A normal incident wave with linear polarization along x-direction was used as the excitation of an injection port and the reflection and transmission coefficient were calculated using additional ports. A parameter sweep of the single unit cell with fixed height 900 nm and fixed unit cell period 665 nm under x polarization at a wavelength of 1,550 nm was carried out to obtain the phase and amplitude of the different structural parameters as shown in Supplementary Figure S1. The phase of the transmitted light can be modulated from 0 to 2π while maintaining the transmittance of the amplitude above 90% with the variation of cylinder diameter d. Here, the MMLs are chosen to be rectangular with side length [image: image]. The output wavefront of the MML can be dynamically controlled by the tuning of D (x, y), which control the radiation pattern of the MML and thus tuning the angular mode of the output beam. As a result, we can design a metasurface with a dynamic beam switching function, i.e., tunable output angular mode, based on the angular-mode-hopping effect.
[image: Figure 2]FIGURE 2 | The working principles of the DBSM. The DBSM is an MML array composed of a converter array and a tuner array. The converter array is to covert the incident wavefront to a reconfigurable wavefront. The tuner array can be actuated within the x-y plane with a displacement denoted as D(x, y). The insert shows the working principle of an MML composed of two cascade metasurfaces. The radiation pattern of an MML is governed by the tuner displacement D(x, y). As a result, the output mode of the DBSM is selected among the 2D grating modes of the MML array by actuating the tuner array.
The performances of the dynamic beam-switching metasurface are governed by quite a few parameters, including the design of the tuner and converter, their spacing G, MML period pc, the MML array size [image: image], etc. Therefore, the optimization of the DBSM is a multiple-target process with multiple variations, which requires vast computation resources. To accelerate the optimization process, we first simplify the converter metasurface to a parabolic lens with a numerical aperture NA as shown in Figure 3A. The design parameters were reduced to N, ms, and NA. Here the ms is defined as the ratio between the diameter of the spot size on the tuner pt and the MML period pc which represents the filling ratio of the output beam.
[image: Figure 3]FIGURE 3 | The optimization of the DBSM. (A) The optimization parameters of the DBSM. (B) the SRR as functions of pc, ms and N. (C) The deflection angle [image: image] as a function of ms and NA. The electric field distributions of DBSM at the tuner’s surface with different displacement D (x, y) are shown in (D,E), which represent the phase and amplitude distributions, respectively. The phase distributions show a linear gradient along the displacement direction while the amplitude distribution is diffusive within the illumination area.
Then the far-field radiation pattern of the DBSM can be estimated by the product of the MML radiation and the space factor of the periodical lattice [55]. The Side-lobe suppression ratio (SSR) as functions of pt, pc, and N are shown in Figure 3B. The filling factor ms has the most significant influence on SSR, while N has a marginal impact, and pc demonstrates negligible influence on SSR. Supplementary Figure S2A shows the SSRs as the functions of N and pc at different ms. The effects of N and ms on the SSR with different pc are shown in Supplementary Figure S2B. Again, the MML period pc shows negligible influence on SSR. The side lobe is suppressed by the interferences of the MML in the DBSM array. The SSR’s increasing saturates when N continues increasing. The filling factor governs the interference between adjacent MMLs and thus dominates the SSR, which approaches −5.9 dB when ms is below 0.7.
Therefore, ms and NA are optimized for the deflection angles [image: image], i.e., the angle between the output beam and the metasurface norm. Figure 3C shows [image: image] under different NA and ms values. To achieve optimization goals with SSR less than −10 dB and [image: image] greater than 2.22°, and considering the optimization relationship diagram, we selected final design parameters as follows, pc = 40 μm, N = 10, ms = 0.9, and NA = 0.4. In this configuration, the theoretical value of SSR reaches −10.81 dB, and [image: image] is 2.55°. It should be pointed out that the deflection angle can be greatly improved by reducing the filling ratio ms while increasing the NA, e.g., [image: image] when ms = 0.5 and NA = 0.6.
The radiation pattern of an MML is governed by the tuner displacement D(x, y). As a result, the output mode of the DBSM is selected among the 2D grating modes of the MML array by actuating the tuner array. The phase profiles of the tuner and converter metasurfaces are optimized to maximize the average directivities during the beam-switching process based on the reversed Rayleigh-Sommerfeld method which is detailed in [45]. The design flow chart of the DBSM is shown in Supplementary Figure S3, which can be divided into two major steps. One is to optimize the configuration of the MML array, i.e., the NA of the converter, the filling factor, and the array factor. The other is to further optimize the metasurface phase profiles. The optimization targets vary corresponding to the DBSM functionalities.
4 NUMERICAL CHARACTERIZATIONS OF THE DBSM
The numerical characterization of the beam-switching function based on DBSM is conducted by using the finite element method (FEM). Here the numerical characterization is conducted in two steps since the DBSM is too large compared with the incident wavelength and thus requires too much computation resources. Therefore, we first obtain the electrical and magnetic field distribution of MMLs based on periodical boundary conditions, as shown in Figures 3D, E. The phase and amplitude distributions of electrical fields with different tuner displacements D (x, y) are shown in Figures 3D, E respectively. D (x, y) represents a tuner displacement of x [image: image] along the x-direction and y [image: image] along the y-direction. The cutting plane of the electrical fields is on the surface of the tuner metasurface. The electrical field distribution clearly shows a phase gradient along the direction of the tuner displacement, indicating a deflection of the MML’s radiation patterns. The amplitude distributions of the MML is diffusive due to the cutting plane being too close to the unit cell structures. The optical resonances of the unit cells in the near-field region still have nontrivial effects on the output wavefront.
Figure 4 shows the radiation intensity of different angular modes with different tuner displacements. Here, the radiation intensity is derived using the Fourier transformation of the MML’s electrical and magnetic field distributions. The inserted tables show the angular modes AM(m, n), the tuner displacement D(x, y), and the diffraction angles DA([image: image]). Figure 4A shows the initial state of the proposed DBSM with a single angular mode output beam propagating along the norm of the metasurface, i.e., DA = (90°, 0°), with an SSR of −9.41 dB. The output beam is switched to AM(−1, 1) mode when the tuner is actuated 1.67 [image: image] along both the negative x-direction and positive y-direction, i.e., D (x, y) = (−1.67, 1.67). The output beam remains in single mode but the DA is switched to (86.9°, 135°), as shown in Figure 4B. The dual-mode output beam, i.e., AM (0, 0) and AM (−1, 0), can be achieved with a tuner displacement D = (−0.95, 0). The output beam is now split into two, pointing at DA = (90°, 0°) and DA = (87.8°, 180°) simultaneously, as depicted in Figure 4C. A four-mode output beam can be achieved with a tuner displacement D = (−0.95, 0.95). The radiation pattern of MML overlaps four adjacent angular modes, i.e., AM (0, 0), AM (0, 1), AM (−1, 0), and AM (−1, 1), in the angular domain and splits the incident beam into four, as shown in Figure 4D.
[image: Figure 4]FIGURE 4 | The beam switching processes of the DBSM. (A) and (B) the single beam switching function by exciting one angular mode at a time. (C) Dual-mode output and (D) Four-mode output by exciting multiple angular mode simultaneously. The inserted tables show detailed information of angular modes, tuner displacement and the diffraction angles.
Supplementary Figure S4 shows another DBSM design with dual-mode output at the initial state. In this design, higher angular modes and a larger tuning range of elevation angle are achieved by decreasing the filling factor. The maximum deflection angle [image: image] is increased to 7.18° by decreasing the ms to 0.8. Supplementary Figure S4D shows that the SSR increased to −6.8 dB when the DBSM is switched to single mode output. However, the SSRs have minor changes when the DBSM is working at dual-mode or four-mode output. This is due to that the span of the MML radiation pattern is limited in the frequency domain thus suppressing the angular modes far away from the main slob of the radiation pattern in the angular domain. The dynamic angular mode switching of DBSM is shown in the movie S5 of the Supplementary Material. The DBSM demonstrates versatile beam forming and switching functionalities pre-coded in the MML’s design
5 CONCLUSION AND PROSPECTS
We proposed a dynamic beam forming and steering method inspired by the mode-hopping effect of the lasers. As a proof of concept, we introduce the Dynamic Beam Switching Metasurface, pre-coded with functionalities for both beam forming and steering. Remarkably, the DBSM achieves these functions with a tuner’s displacement of less than 2 μm, facilitated by a two-degree-of-freedom in-plane mechanical actuation system. Our proposed translation-controlled cascaded metasurface provides a succinct approach for achieving dynamic multiple-beam generation and steering. Compared with the state-of-the-art technologies based on SLMs and OPAs, the DBSM shows versatile functionalities, including single-to-multiple-mode output switching and dynamic beam steering. It should be pointed out that our optimization process for the design parameters of the DBSM primarily relies on parameter sweeping. We determine the sweeping range based on our physics model and practical experience. However, this optimization process involves multiple variables and targets specific applications. For instance, when optimizing a DBSM, we consider parameters like unit cell structures, filling factors, spacing, and phase profiles of the two metasurfaces. Simultaneously, our optimization targets encompass aspects such as working bandwidth, angular modes as functions of displacements, and side-lobe suppression ratios. It is expected that the optimal design of DBSM can be achieved more effectively when combining our physics model with deep learning methods, such as neural networks and particle swarm optimization (PSO) algorithms. More importantly, pioneer research indicates that the DBSM can achieve impressive tuning speeds, reaching the kilohertz (kHz) range with a piezo actuator [48], and even the megahertz (MHz) regime when integrated within a MEMS system [43]. Furthermore, the streamlined control system is poised to facilitate effortless fabrication and cost-effectiveness for devices based on DBSMs. Applications include LiDAR, optical wireless communication devices, and optical switches, making it a promising solution for next-generation optical systems.
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