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Bound states in the continuum for encoded imaging
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Abstract： Metasurfaces are artificial structures that can finely control the characteristics of electromagnetic waves 
at subwavelength scales， and they are widely used to manipulate the propagation， phase， amplitude， and polariza⁃
tion of light.  In this work， a bound state in the continuum （BIC） structure based on a metallic metasurface is pro⁃
posed.  By adjusting the metallic structure using CST and COMSOL software， a significant quasi-BIC peak can be 
achieved at a frequency of 0. 8217 terahertz （THz）.  Through multi-level expansion analysis， it is found that the 
electric dipole （ED） is the main factor contributing to the resonant characteristics of the structure.  By leveraging 
the characteristics of BIC， an imaging system was created and operated.  According to the simulation results， the 
imaging system demonstrated excellent sensitivity and resolution， revealing the great potential of terahertz imag⁃
ing.  This research not only provides new ideas for the creation of BIC structures but also offers an effective refer⁃
ence for the development of high-performance terahertz imaging technology.
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用于编码成像的连续域束缚态
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摘要：超表面是一种在亚波长尺度上精细调控电磁波特性的人工结构，广泛应用于操纵光的传播、相位、振幅

和极化等特性。在这项工作中，提出了一种基于金属超表面的连续域束缚态（BIC）结构。通过使用 CST 和

COMSOL两款软件对金属结构进行调整，能够在 0.8217 THz的频率下实现显著的准BIC峰值。通过多级展开

分析发现，电偶极子是该结构共振特性的主要因素。利用 BIC 的特性创建并运行了成像系统。根据仿真结

果，该成像系统表现出了出色的灵敏度和分辨率，显示出太赫兹成像的巨大潜力。这项研究不仅为BIC结构

的创建提供了新的想法，而且为高性能太赫兹成像技术的发展提供了有效的参考。
关 键 词：超表面；束缚态在连续体中；太赫兹；多级展开；成像

Introduction
Terahertz waves occupy a specific frequency band between microwaves and infrared， with wavelengths rang⁃ing from 0. 03 to 3 mm and frequencies from 0. 1 to 10 THz ［1-2］.  Due to their unique physical characteristics， this frequency band plays an important role in scientific research and progress.  Terahertz waves have a great po⁃tential for a wide range of applications because of their strong penetrating capability， non-ionizing nature， and minimal hazard to biological tissues.Metasurfaces are typically composed of nano-anten⁃nas or resonators arranged in a periodic pattern.  The geo⁃metric configurations， dimensions， and spatial arrange⁃

ments of these elements can be specifically designed to 
produce particular electromagnetic responses ［3-4］.  By tun⁃
ing these parameters， one can achieve control over the lo⁃
cal phase， amplitude， and polarization states of electro⁃
magnetic waves at the sub-wavelength scale， thereby en⁃
abling multifunctional and high-performance manipula⁃
tion of electromagnetic waves.  In recent years， metasur⁃
faces have shown significant potential for applications 
across various fields.  For example， in the field of optics， 
metasurfaces can be used to create super-lenses ［5-7］， that 
can break through the diffraction limit and achieve higher 
resolutions than conventional lenses.  In the field of com⁃
munications， metasurface technology can be employed to 
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design efficient polarization converters ［8， 9］， thereby en⁃hancing the efficiency and reliability of information trans⁃mission.  Moreover， metasurfaces also demonstrate great potential in areas such as perfect absorption ［10， 11］， field enhancement ［12］， Polarization Control ［13］， and resonant coupling ［14］.BIC was first introduced by von Neumann and Wign⁃er in the context of quantum mechanics ［15］.  BIC refers to states that are confined within a continuous medium and do not radiate into the far field.  The frequencies associat⁃ed with these states are entirely located within the contin⁃uous spectrum， and they do not radiate energy into the far field ［16］.  Subsequently， this concept was rediscov⁃ered ［17］ and extended to other fields of wave physics， in⁃cluding acoustics ［18］ and optics ［19， 20］.  In practical appli⁃cations ， due to factors such as absorption， size ［21］， and other perturbations ［22-23］， BIC can be realized as a super⁃cavity mode in the form of q-BIC when the Q factor and resonance width become finite under BIC conditions ［24］.  BIC have significant application scenarios in various fields.  For example， in near-infrared photo detectors， high-Q resonances can enhance the interaction between light and quantum dots， thereby significantly improving light absorption and photoelectric conversion efficiency 
［25］.  In the field of perfect absorbers， the symmetry-pro⁃tected mechanism of toroidal dipole BICs maintains a highly stable resonant wavelength when adjusting the grating gap （with an experimental wavelength stability ra⁃tio of >15）.  This addresses the issue of wavelength drift and enhances the robustness and reliability of the de⁃vice ［26］.As an emerging field in electromagnetic wave con⁃trol technology， coding metasurfaces have demonstrated great potential in imaging and sensing applications in re⁃cent studies.  Unlike traditional reflective surfaces and lenses， coding metasurfaces utilize their small and highly tunable structural units to achieve precise control over electromagnetic waves ［27］.  This capability can be widely applied in various fields， including imaging ［28-34］， beam splitting ［35］， and vortex beam generation ［36-41］.Traditional imaging systems still have limitations in beam control and imaging resolution.  However， coded metasurfaces can achieve highly customized manipula⁃tion of electromagnetic waves through the meticulous de⁃sign of their micro-structural units.  This paper first pro⁃vides an overview of the design methods for q-BIC struc⁃tures and the fundamental principles of coded metasurfac⁃es.  It elaborates on how desired frequency response char⁃acteristics can be achieved through the careful arrange⁃ment and optimization of unit parameters， while also dis⁃cussing the importance of multi-level expansion in the es⁃tablishment of q-BICs.  It is worth noting that by altering the structure to generate q-BIC peaks， the transmission efficiency at specific frequencies is significantly en⁃hanced， thereby greatly improving the performance of im⁃aging systems.  Finally， the paper explores the potential challenges that BIC imaging may face in practical appli⁃cations and looks forward to future development direc⁃tions.  Through comprehensive discussions and experi⁃

mental validation， this study aims to elucidate the poten⁃tial of q-BIC structured coded metasurfaces in the field of electromagnetic imaging technology.
Principle and Design

The schematic diagram of the BIC metasurface we designed is shown in Figure 1.  The device is composed of butterfly-shaped metallic structures arranged periodi⁃cally， which are fabricated on a polyimide （PI） film sub⁃strate.  Each individual structure consists of two semi-el⁃liptical metallic patches and a central metallic strip， forming a horizontally symmetrical configuration.  The central strip is designed to be movable in the vertical di⁃rection， with a displacement of h = 20 µm.  The gap be⁃tween structures is denoted as g = 20 µm， while the over⁃all periodicity of the structure is P = 150 µm.  The width 
（w） of the metallic structure is 10 µm， and its length （l） is 120 µm.  The radii of the elliptical metallic patches are a1 = 40 µm and a2 = 20 µm， respectively.  The rela⁃tive permittivity of the PI film used is 3. 5， and copper is employed as the metallic material in the device struc⁃ture.  The incident electric field （E） is oriented along the x-axis， and the wave vector （k） is aligned along the nega⁃tive z-axis.  The vertical displacement of the central me⁃tallic strip transforms the BIC into a q-BIC state.  To opti⁃mize the structure and conduct a comprehensive analysis of the electromagnetic field characteristics， we mainly use the simulation software COMSOL and CST.  In our simulations， periodic boundary conditions are applied in the x and y directions， while the z direction is treated with a Perfectly Matched Layer （PML）.
Simulation and conclusion

The resonance peaks originate from the variation in the position of the intermediate metal strip.  The vertical displacement of the metal strip induces a transition from BIC to q-BIC.  This transition allows a portion of the local field energy to leak out， thereby transforming the bound state with an infinitely large Q factor into a quasi-bound state （q-BIC） with a finite Q factor.  To explicitly investi⁃gate the influence of structural variation on the transmis⁃sion spectrum， a position variation parameter， denoted as h， was introduced.  When the value of h is zero， the transmission spectrum exhibited no significant peaks.  In contrast， when h is increased to 20 µm， a distinct trans⁃mission peak emerges in the spectrum， as shown in Fig⁃ure 2.As the parameter h varies from -25 µm to 25 µm， a significant shift in the resonance peak occurs， accompa⁃nied by a gradual increase in both the resonance line⁃width and modulation depth， as depicted in Figure 3.  This phenomenon indicates that the variation in the posi⁃tion of the intermediate metal strip leads to enhanced res⁃onant radiation， which in turn results in energy leakage.  Figure 4 presents the relationship between the Q factor and the relevant parameters， with Q defined as follows：
Q = f0FWHM. (1)

In this context， the FWHM refers to the half-width 
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at half-maximum of the resonance peak.  Since the bound states in the continuum do not interact with free space， radiation leakage is prevented.  As a result， the FWHM 

is effectively zero， and the Q factor tends toward infinity.  However， when the structure of the metasurface is per⁃turbed， the BIC transitions into a q-BIC mode， thereby inducing resonance ［42］.  By leveraging structural modifi⁃cations to control the BIC， it is possible to manipulate the degree of radiation leakage as well as the magnitude of the Q factor.In addition， we have conducted an in-depth analysis of the structure using the multipole decomposition meth⁃od.  The scattering properties of nanoparticles can be thoroughly examined through this method， where the far-field scattering energy generated by each multipole at the resonance point can not only be visualized but also pre⁃cisely quantified.  Various types of electromagnetic sourc⁃es， such as electric quadrupoles， toroidal dipoles， and magnetic quadrupoles， exhibit distinct differences in their radiation field distributions.  At the resonant fre⁃quency， the distribution of the electromagnetic field is primarily influenced by the multipole with the highest scattering energy.  The characteristics of the multipole moments for different multipoles are articulated within the Cartesian coordinate system as follows ［43］.

Fig.  1　Designed metallic metasurface.  （a） displays the overall appearance of the design， while （b） provides a detailed schematic dia‐
gram of the unit structure for a clearer understanding of its construction and functionality.

Fig.  2　 The transmission spectrum as a function of frequency 
when the metal strip is not displaced （h = 0 µm， in red）.  The 
transmission spectrum as a function of frequency when the metal 
strip is displaced （h = 20 µm， in blue）.

Fig.  3　（a） Simulated results for the transmission rate h ranging from 0 µm to 25 µm.  （b） Simulated results for the transmission rate h 
ranging from 0 µm to -25 µm.
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Equation （2） through （6） delineate the properties of the ED， Magnetic Dipole （MD）， Electric Quadrupole 
（EQ）， Magnetic Quadrupole （MQ）， and Toroidal Di⁃pole （TD）.  In these equations， the variable r signifies the position vector， c represents the speed of light， ω de⁃notes the angular frequency of light， while α and β are the parameters associated with the x and y directions， re⁃spectively.  Additionally， j indicates the displacement current density.  By analyzing the electromagnetic field and refractive index distribution obtained from simulation results， it is possible to compute the normal radiation power of various dipole types in accordance with Equa⁃tion （7）.
I = 2ω4
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The far-field radiation power， as determined by the previously mentioned equations， is illustrated in Figure 5.  The figure clearly indicates that at the resonance fre⁃quency， the radiation contribution from the ED mode is markedly greater than that of the other modes， which are substantially suppressed.As shown by the positive and negative variations of the h value in Figure 4， we can observe that the magni⁃tude of the changes in the Q value is not consistent.  The reason for this phenomenon is the difference in the major axis dimensions of the upper and lower semi-ellipses.  Next， we will conduct an in-depth investigation into the impact of changes in the major axis dimensions on the Q 

value.  To this end， we keep the major axis length of the lower semi-ellipse， denoted as a1， fixed at 40 µm， while controlling h at 6 µm， and then vary the major axis length of the upper semi-ellipse， referred to as a2.  Figure 6 illustrates the trend of the Q value as a function of a2， showing that the Q value gradually decreases as a2 in⁃creases.

Figure 7 presents the distribution of the electric field， magnetic field， and surface current on the metasur⁃face at a frequency of 0. 8217 THz， with h values set at 20 µm and 0 µm， respectively.  This analysis further substantiates the perturbation of BIC and the impact of structural disruption on the excitation mechanisms.  When terahertz waves interact with the metallic struc⁃ture， the surface plasmon effect causes electrons on the metal surface to resonate at the same frequency as the in⁃cident wave， resulting in an intensified electromagnetic field localized within a confined area on the metal surface 
［44］.  At a h value of 0 µm， the energy emitted by the x-po⁃larized wave on the metasurface exhibits no significant up-down asymmetry， leading to a locally excited electro⁃magnetic field that is mirror-symmetric about the x-axis 
（refer to Figures 7（d） and （e））.  As the connecting com⁃ponent is displaced， the electric and magnetic fields cor⁃

Fig.  4　The relationship between the Q factor and the variation 
of the h parameter.

Fig.  5　shows the multipole expansion of the scattering patterns

Fig.  6　The change in the Q factor with respect to a2 when h is 
set to 6 µm.
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respondingly shift， indicating that the structural change leads to radiation leakage and modifies the radiative field 
（see Figures 7（a） and （b））.  The distribution trend of the generated surface current is illustrated in Figure 7
（f）， revealing the distribution of surface current in the upper and lower regions.  Following the structural change， the surface current undergoes a redistribution， as shown in Figure 7（c）， which significantly differs from the previous distribution and serves as a critical condi⁃tion for the emergence of new transmission peaks ［45］.Figure 8 displays a color map depicting the varia⁃tions in transmission characteristics and resonant re⁃sponses across a range of structural parameters.  This fig⁃ure illustrates the transition from a BIC characterized by an infinite Q factor to a q-BIC state with a finite yet high Q factor.  In this context， the parameter h is used to ad⁃just the structural changes within the system.  Additional⁃ly， the figure reveals that the transition trends of the BIC on the left and right sides exhibit notable differences， which can be attributed to the distinct upper and lower ra⁃dii of the ellipse， denoted as a1 and a2， respectively.In this study， we first used MATLAB coding to es⁃tablish a simulation model in CST as shown in Figure 9
（b）， then added a plane wave incident in the form of x-polarization， and added a field monitor for the 0. 8217 THz frequency band.  Specifically， we selected a meta⁃surface composed of binary "1" and "0" cells to effective⁃ly demonstrate imaging effects.  The complete encoding array is structured as a 30×30 grid.  Under the illumina⁃tion of the incident light， the "1" cells exhibit a transmis⁃sion amplitude of 0. 83 for the incoming light， while the "0" cells display a significantly lower transmission ampli⁃tude of only 0. 01.  As a result， a clear image is observed through the field monitor as shown in Figure 9（c）， which is not present at other frequencies.  This research pro⁃vides valuable insights into the controllability of near-field imaging associated with BIC on the metasurface.

Discussion
Our task commences with an extensive examination of metasurface technology and its applications in the ma⁃nipulation of electromagnetic waves， particularly high⁃lighting its considerable potential within the terahertz fre⁃quency spectrum.  Terahertz waves， due to their distinc⁃tive physical characteristics， exhibit extensive applicabil⁃ity across various domains， including imaging and sens⁃ing.  The BIC structure introduced in this study exempli⁃fies an innovative design methodology that utilizes the sub-wavelength properties of metasurfaces to facilitate precise control over electromagnetic waves.  This re⁃search offers significant contributions to the academic discourse surrounding metasurface and terahertz technol⁃ogies.  The design and implementation of the BIC struc⁃ture not only illustrate the capabilities of metasurface technology in electromagnetic wave manipulation but also open new pathways for advancements in imaging and sensing applications.  Future investigations are anticipat⁃ed to delve deeper into the optimization techniques for BIC structures and their practical applications， while si⁃multaneously addressing existing technological challeng⁃es.  This article serves as a valuable resource and source of inspiration for scholars in related disciplines and is ex⁃pected to foster the application and progression of tera⁃hertz technology across a wider array of fields.

Fig.  7　When h = 20 µm and f = 0. 8217 THz， it illustrates the distribution of （a） the electric field， （b） the magnetic field， and （c） the 
surface current trend.  When h = 0 µm and f = 0. 8217 THz， it illustrates the distribution of （d） the electric field， （e） the magnetic field， 
and （f） the surface current trend.
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