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Abstract

:

Sensing applications based on whispering gallery mode (WGM) microcavities have attracted extensive attention recently, especially in displacement sensing applications. However, the traditional displacement sensing scheme based on shift in a single resonance wavelength, has a lot of drawbacks. Herein, a novel displacement sensing scheme based on the surface nanoscale axial photonics (SNAP) is proposed to achieve a wide range and high-resolution displacement sensor through analyzing the transmittance of multiple axial modes. By analyzing the surface plot of the resonance spectrum with different coupling positions, the ideal coupling parameters and ERV for displacement sensing are obtained. In the following, displacement sensing with high sensitivity and a wide range is theoretically realized through adjusting the sensitivity threshold and the number of modes. Finally, we present our views on the current challenges and the future development of the displacement sensing based on an SNAP resonator. We believe that a comprehensive understanding on this sensing scheme would significantly contribute to the advancement of the SNAP resonator for a broad range of applications.
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1. Introduction


Due to the advantages of high-quality factor and low mode volume, the whispering gallery mode (WGM) microresonators have great potential for growth in many research and technology fields. In particular, WGM resonators have been extensively investigated and used in sensor fields over the last decade [1,2,3], such as biochemical substances detection [4,5], refractive index sensing [6,7], pressure monitoring [8,9], and displacement sensing [10,11,12,13,14]. In the study of displacement sensing, two conventional mechanisms have attracted widespread interest. The first conventional method is tracing the resonance wavelength shift caused by the deformation of a resonator. For instance, V.S. Ilchenko et al. demonstrated the tunability of WGM in a SiO   2   microsphere resonator by applying mechanical strain, indicating the potential for a displacement sensing application with a theoretical resolution of better than 0.1 nm [15]. Similarly, M. Sumetsky et al. realized tensile tuning with a wide range and small driving force based on the SiO   2   resonators, and a theoretical resolution of the displacement sensing better than 0.1 nm [16]. The second method is monitoring the resonance wavelength shift, resulting from the change in coupling conditions. In this regard, Song Yuejiang et al. obtained a wavelength tuning slope of 95.86 pm/nm by moving the tapered microcylinder resonator along its axis, as well as the resolution of 0.29 nm [17].



Although the sensors with superior sensitivity can be obtained according to the above two schemes, sensing based on the shift in a single resonant wavelength has low accuracy, because of undesired factors such as external temperature change. In previous approaches, sensing was achieved by monitoring the relative shift in a resonant mode induced by a displacement change with respect to its original state. Therefore, on the one hand, it is crucial to fundamentally eliminate the surrounding temperature noise to realize the high-accuracy displacement sensing; on the other hand, it is impossible to determine the absolute value of the displacement only from the WGM spectrum without knowing the initial displacement. The surface nanoscale axial photonics (SNAP) microresonator proposed by M.Sumetsky has a stable, regular resonance spectrum and a long WGM field distribution in the axial direction [18], indicating the potential application of a wide-range and high-sensitivity displacement sensing. We have investigated the variation characteristics of the resonance spectrum brought by the displacement of a SNAP microresonator [19,20], but we only focused on the property change in a single axial mode, leading to the displacement sensing with a narrow range and low accuracy.



To solve this problem, one ingenious method, using the variation characteristics of multiple axial modes in a SNAP resonator, is proposed in this paper. The position information is represented by different resonance spectrum characteristics. Through the reasonable application of multiple axial modes, the unique resonance spectrum characteristics can be obtained at any position. At the same time, the absolute position of the resonator can be determined by the combination of multiple modes. Therefore, we could derive the actual displacement from the overall pattern of the spectrum. It is worth noting that this measurement method is not affected by temperature and does not require initial displacement. Resonance spectra were obtained through theoretically simulating a SNAP coupling system by MATLAB, and the effect of coupling parameters and effective radius variation (ERV) on the transmission spectra are investigated. The working principle of the displacement sensor based on a SNAP-taper coupling system is presented in Section 2. In Section 3, the theory of WGM in SNAP and the theory of SNAP-taper coupling system are introduced, which are based on the theoretical model of SNAP resonator proposed by M. Sumetsky [21]. In Section 4, simulation results are presented and the coupling parameters, as well as the ERV of the SNAP-taper system, are optimized. Then, based on the resonant spectrum of the determined parameters, the principle and feasibility of using multi-order modes for sensing are explained in detail. At last, some meaningful results a discussion of follow-up work are summarized in Section 5.




2. Sensor Concept


Figure 1a shows the displacement sensing schematic of the SNAP-taper coupling system. The SNAP microresonator is positioned to be in contact with and perpendicular to the tapered fiber. The displacement is introduced by the SNAP moving along the z-axis. The incident laser is coupled into the resonator via a tapered fiber, which is used to excite the WGMs in the resonator. Different localized WGMs are excited when the fiber taper couples with the SNAP at a different position. As we know, microresonators with equidistant spectra over tens of axial modes have been demonstrated in SNAP [22,23]. Meanwhile, electromagnetic field intensity distributions are unequal in different axial modes and various coupling positions, which means that spectra with different characteristics can be obtained when the SNAP position relative to the taper changes, as shown in Figure 1b. Thus, the transmission spectrum characteristics can be utilized to measure displacement. Compared with the conventional displacement-sensing principle based on strain-induced shape changes, the effectiveness and stability of the proposed method will be proven in this paper.



Figure 1b shows the normalized transmission spectra with the tapered fiber positioned in two different regions of the SNAP. These resonant dips represent different orders of axial modes supported in SNAP, respectively. As the transmission spectrum with the equidistant free spectral range (FSR) was demonstrated in the SNAP with parabolic ERV, the SNAP with parabolic is chosen in the following investigation [24,25,26,27]. Additionally, the coupling efficiency between the tapered fiber and the SNAP resonator is determined by the overlapping integral of their evanescent fields. Therefore, the resonance intensity is varied for different-order axial modes, which is significantly manifested by the width and depth of resonance dips. Similarly, for the same mode, the resonance dips are also different when the coupling fiber is placed in different positions of the SNAP. Based on this characteristic, the SNAP mode can be utilized for displacement sensing. However, with respect to a single mode, the distance between the adjacent antinode and node (marked in Figure 1a) is so narrow that a large range of displacement sensing cannot be achieved. With respect to the above factors, we propose a novel displacement sensing scheme comprehensively using the multi-order axial modes of SNAP.



For displacement sensing based on the SNAP resonator, sensitivity, accuracy, and detection range are three important parameters to describe the performance. The sensitivity has a lot to do with the changing amplitude of transmittance, or a Q factor resulting from the unit displacement variation. The accuracy is determined by the anti-noise capability. Compared with the traditional scheme, the proposed method can get rid of the interference of irrelevant external factors, like temperature variation. The detection range depends on the distribution status of the WGM field along the axial direction. A larger sensing range is attributed to the wider axial distribution. Consequently, in order to improve the sensing performance, it is necessary to investigate the effects of coupling parameters and ERV profile on the resonance spectrum.




3. Theory


3.1. WGM in SNAP


Due to its highly prolate shape, the SNAP has a class of WGMs with advantageous properties. Additionally, the performance of SNAP devices depends only on the ERV of the fiber, which combines the contributions of nanoscale variations of the fiber physical radius and its refractive index. According to the article [28], the parabolic radius profile of the SNAP resonator is expressed by


  R  ( z )  =  R  ( 0 )   ·  ( 1 − 1 / 2   ( Δ k · z )  2  )   



(1)




where   Δ k   denotes the curvature of the resonator profile,   R  ( 0 )    is the maximum radius of the resonator at z = 0. As discussed in references [28,29], the axial wave equation, which only depends on the z coordinate, is represented as


   (  ∂ z 2  +  k z 2  )  · Ψ  ( z )  = 0  



(2)




where   k z   is the axial component of wave vector. Then, according to the derivation of Maxwell’s equations to solve the radial wave equation and axial wave equation, the normalized axial field distribution function of the parabolic SNAP is given as    I  n o r m   =  Ψ 2  / m a x  (  Ψ 2  )   , where   Ψ ( z )   is the eigenfunction for the axial wave equation, describing the field distribution in axial direction.




3.2. Theory of a SNAP-Taper Coupling System


To gain the transmission spectrum of the SNAP coupling system, the theoretical model based on the one-dimensional Schrödinger equation was constructed to describe multiple resonances. The transmission spectrum of the SNAP coupling system is given by Sumetsky [18,21]


  S  ( λ )  =  S  ( 0 )   −   i  Λ n     ( E  ( λ )  −  E n  )  −  Δ n  + i  (  Γ 0  +  Σ n  )     



(3)






   Λ n  =   | C |  2   Ψ n 2   ( z )  ,  Δ n  = − R e  ( D )   Ψ n 2   ( z )  ,  Σ n  = I m  ( D )   Ψ n 2   ( z )   



(4)




where  λ  and z are independent variables, representing the wavelength and the axial coupling position, respectively. C and D are coupling parameters.   S  ( 0 )    is the radiation loss parameter, which indicates the non-resonant component of the transmission amplitude   S ( λ )  .   E ( λ )   is the energy proportional to the variation in resonant wavelength.   E n   corresponds to the energy eigenvalue of the n-th order axial mode.    Ψ n   ( z )    is the axial field distribution function of the n-th order axial mode.    Γ 0  =  ( 8  π 2   n  f 0  2  /  λ  r e s  2  )   γ  r e s     is the linewidth of the resonance due to the propagation losses in SNAP.   n  f 0   ,   λ  r e s    and   γ  r e s    stand for the refractive index of fiber, resonant wavelength, and attenuation parameter, respectively.



Considering the loss in the actual coupling process, the energy circulating in the microresonator cannot be infinite. From the law of conservation of energy, the parameters   S  ( 0 )   ,    | C |  2   and D must be restricted by the inequalities


  |  S  ( 0 )   | < 1  



(5)






  I m  ( D )  >   | C |  2    1 − R e (  S  ( 0 )   )   1 −   |  S  ( 0 )   |  2     



(6)







Next, we conducted a parametric study of the transmission spectrum. Apparently, changing so many parameters simultaneously is not suitable for accurate analysis of the resonance spectrum. Therefore, we only changed one parameter at a time.




3.3. Simulation Parameters


In order to calculate the optical field distribution of the SNAP resonator, and determine the resonance spectrum of the SNAP-taper coupling system for displacement sensing, numerical calculations of the coupled system using MATLAB are carried out. The simulation parameters are    n  f 0   = 1.452  ,    γ  r e s   = 0.05   pm,    R  ( 0 )   = 62.4567   µm. According to the above, the coupling parameters and ERV have a great impact on the resonance spectrum characteristic. Initially, we set coupling parameters     | C |  2  = 0.015   µm    − 1   ,   D = 0.02 + 0.016 i   µm    − 1   ,    S  ( 0 )   = 0.95 − 0.01 i  , and   Δ k = 0.012   µm    − 1   . The angular mode number is initially set to m = 360, and the corresponding resonance wavelength is    λ  r e s   = 1.5507   µm.





4. Results and Discussion


4.1. Influence of Coupling Parameters and ERV on the Resonance Spectrum


As we know, in a conventional microresonator-taper coupling system, a sufficient overlap between the evanescent fields is a key requirement for realizing efficient coupling. Unlike spheroidal microresonator, SNAP supports localized axial WGM modes and delocalized radiation modes, their interaction is similar to the energy level of the outer layer of an atom. In different coupling situations, the interference between the two parts in the coupled system will produce different peak shapes [30]. Furthermore, the lineshape has a great impact on the sensor performance. Therefore, we focus on the variation in lineshape by first optimizing the parameters. As discussed in reference [30], parameter   S  ( 0 )    is corresponding to the change in taper waist diameter: when the taper waist diameter decreases, lineshape from Lorentzian dip to electromagnetically induced transparency (EIT) peak is obtained. Therefore, we first study the effect of   S  ( 0 )    on the spectrum to adjust the lineshape of resonant dips.



The normalized transmission spectra under different parameter   S  ( 0 )    are plotted in Figure 2. From Figure 2a–c, the Lorentzian dip, Fano peak, and EIT peak are shown respectively, with     | C |  2  = 0.015   µm    − 1   ,   D = 0.02 + 0.016 i   µm    − 1    and different   S  ( 0 )    shown in the caption. As we know, in practical applications, especially in the field of sensing, a stable and regular resonance spectrum is essential [31]. As shown in Figure 2a, the lineshape of transmission spectrum is shown as multiple symmetric and equidistant Lorentzian dips with low transmittance, which makes the spectrum an ideal tool for realizing displacement sensing due to the superiority in accurate recognition and wavelength tracking of the resonant modes. Along with the real part of radiation loss parameter    R e   (  S  ( 0 )   )    decreasing to 0.40, the lineshape of WGMs changes to the Fano resonance, as shown in Figure 2b. When    R e   (  S  ( 0 )   )    continues to decrease, the lineshape of transmission coverts into an EIT peak with    R e   (  S  ( 0 )   )  = 0.10   in Figure 2c. Compared with the Lorentzian dips, which have high Q factors and low transmittance, the stability deterioration of Fano and EIT dips leads to a bad performance in displacement sensing. In order to guarantee the sensing performance, we choose   S  ( 0 )    with a real part equal to 0.95 in the following calculations.



Next, to gain more insight into the effect of the coupling parameter on the transmittance mentioned above, calculations are performed with different parameter D. The effect of the imaginary part of D (Im(D)) on the resonant modes is studied first. With Im(D) changing from 0 to 0.2, the simulation results indicate that Im(D) only describes the shift in the resonant wavelength, which is the same as the discussion in reference [32]. Since the phase shift has no effect on the Q factor and transmittance of resonant modes, for simplicity’s sake,    R e   ( D )    is set to be zero when we investigate the imaginary part of D (Im(D)). Figure 3a,b show the normalized transmission spectra of the fourth- to seventh-order axial modes with varied parameters Im(D) equal to 016i and 0.04i, respectively. It can be seen that the transmittance (0.04) in Figure 3a is much lower than that (0.58) in Figure 3b. As we know, lower transmittance means less coupling loss, giving rise to a higher sensitivity in the sensing process. Therefore, we choose   I m ( D ) = 0.016 i   µm    − 1    in the following calculations. Figure 3c,d are the transmittance-z curves of the seventh-order axial mode, corresponding to the mode in the rectangular selection in Figure 3a,b, respectively. Note that the slope in the transmittance-z curve represents the sensitivity of our proposed displacement sensor. It is obvious that the slope of curve in the green rectangular selection in Figure 3c is monotonous and is larger than that in Figure 3d, which is beneficial to achieving a higher displacement sensing resolution. Consequently, in order to obtain high sensitivity in displacement sensing, the adjustment of Im(D) is essential.



Besides the coupling parameters, the curvature   Δ k   of the parabolic SNAP resonator profile also has a strong influence on the spectrum characteristics. To find the effect of   Δ k   on the resonant spectrum, the axial intensity distribution function of the modes is calculated and the coupling property is deeply investigated with different curvatures. With the coupling parameters     | C |  2  = 0.015   µm    − 1   ,   D = 0.02 + 0.016 i   µm    − 1    and    S  ( 0 )   = 0.95 − 0.01 i  , the results of the calculation when   Δ k   is set to be 0.024 µm    − 1   , 0.032 µm    − 1    and 0.048 µm    − 1   , respectively, are presented by the surface plot in Figure 4, which depicts the transmission amplitude as a function of the axial position of the SNAP resonator and wavelength. This surface plot quantitatively reproduces the position of the nodes and antinodes of the SNAP mode, and the envelop of the spectral resonances shows close agreement with the parabolic ERV of SNAP profile, which coincides with the rescaling relation between the wavelength variation and the ERV [32]. In addition, it should be pointed out that, as the   Δ k   increases from 0.024 µm    − 1    to 0.048 µm    − 1   , the wavelength between adjacent axial modes gradually augments. As we know, a large FSR can effectively avoid mode overlap, thus reducing the error rate of mode recognition, which is beneficial, with practical applications in sensing. Despite this, there are two disadvantages for a too-large FSR with respect to our proposed displacement sensing method here. Firstly, scanning a fixed number of modes requires a wider frequency-scanning range, which is a huge test for the performance of the instrument when a high wavelength resolution is necessary. As shown in Figure 4, the number of modes contained in the same wavelength range is different, with eleven modes for 0.024 µm    − 1    and only six modes for   Δ k = 0.048   µm    − 1   , respectively. Secondly, the fabrication of the SNAP resonator with a large FSR and enough high-Q axial modes, which depends on the ERV height limited by the fiber property, is challenging due to the state-of-the-art technique. Therefore, there should be a tradeoff between the FSR and the present fabrication technique. In this case, we choose   Δ k = 0.012   µm    − 1    in the following analysis for displacement sensing.




4.2. Displacement Sensing Analysis


According to the above research, the influence of coupling parameters and ERV on the transmission spectrum is acquired by the MATLAB simulations. Obviously, the resonance spectrum characteristics are not only related to a single parameter but affected by the combination of multiple parameters, and there will be checks and balances between these parameters. The normalized transmission amplitudes surface plot with relatively balanced characteristics is given in Figure 5a, where simulation parameters are   Δ k = 0.012   µm    − 1   ,     | C |  2  = 0.015   µm    − 1   ,   D = 0.02 + 0.016 i   µm    − 1   ,    S  ( 0 )   = 0.95 − 0.01 i  . Considering the symmetry of the transmission amplitudes at about the center of SNAP (z = 0), only a half of the surface plot is shown, while the other half is displayed as curves in the relationship between the transmittance and z for different axial modes.



Figure 5b shows the transmittance-z curves of the 21 lowest-order axial modes (q = 0∼20) with the same simulation parameters as Figure 5a. For the q = 1 axial mode, as the coupling position changes from z = 200 µm to z = 0 µm, the coupling strength experiences the undercoupling regime through the critical coupling point, overcoupling regime and, at last, back to the undercoupling regime. Accordingly, the transmittance-z curve experiences a process consisting of flatness, decline, flatness and incline, completing what we call a whole cycle. For q = 0 axial mode, the transmittance-z curve goes through a half cycle. Note that, compared with the q = 0 mode, the transmittance-z curve of q = 1 mode has a both monotonous and steep region (marked by a red box in Figure 5b) near the SNAP center, which can be applied to realize high-resolution displacement sensing. The high steep curve region is determined by the position of nodes in the axial mode field intensity distribution. Similarly, for the q = n axial mode, the transmittance-z curve experiences (n + 1)/2 cycle, leading to n regions that are monotonous and steep. Consequently, by increasing the number of supported axial modes in a SNAP resonator, more monotonous and steep regions available for displacement sensing can be obtained, so that the sensing range will augment. In addition, for the higher-order axial modes, the length of the steep regions decreases, giving rise to a better performance of the sensing resolution. To further illustrate the displacement sensing principle, as shown in Figure 5b, a position indicated by a vertical line is randomly selected and considered, where q = 12 and 17 modes (selected by red boxes) work on the condition of undercoupling and subsequently exhibit a steep curve. As a result, the randomly selected position possesses the ability to realize the displacement sensing with high sensitivity (though a small sensing range). Besides q = 12 and 17 modes for the considered position, there are a host of other modes that can be utilized to determine the absolute position of the SNAP resonator. By combining the transmittance of multiple axial modes, a larger sensing range with high resolution can be achieved.



To deeply investigate the sensitivity and measurement range of the proposed displacement sensor, we calculate the derivative of the transmittance-z curve with respect to z for all the axial modes and the obtained slope of the transmittance-z curve for q = 7 mode is given as an example in Figure 6a. It can be observed that the slope curve possesses three acute peaks and four dips which, corresponding to seven steep regions of the transmittance-z curve in Figure 6b, allows for a high sensitivity in displacement sensing. Obviously, a large absolute value of slope represents a high sensitivity and, as a result, we should choose the region with a large absolute value of slope to realize high-sensitivity displacement sensing. However, as the required sensitivity increases, the obtainable sensing range will significantly decrease, limiting the sensing performance. Therefore, there should be a tradeoff between the sensitivity and measurement range. Considering this, the absolute value of slope is set to be 0.05 as a threshold. By comparing this with the threshold level, the sensing regions with high sensitivity are obtained and plotted using red lines in Figure 6a,b. Note that the region selected by an ellipse box is located at the node of WGM field, where the coupling strength is nearly zero, thereby inducing a turning point of the transmittance-z curve and discretized high-sensitivity regions.



Figure 6c displays the discretized high-sensitivity regions for the 21 lowest-order axial modes. It can be found that the number of the high sensitivity regions for q = n axial modes is n and these regions of different-order modes are staggered, which offers the potential for a SNAP resonator to realize the continuous displacement measurements with a wide range and high sensitivity. For example, the separated regions for q = 7 mode are: 0.25∼5.08 µm, 25.67∼30.50 µm, 31.00∼35.83 µm, 57.83∼62.75 µm, 63.25∼68.25 µm, 94.33∼99.58 µm and 100.2∼105.4 µm, respectively, while q = 8 mode corresponds to: 9.92∼14.25 µm, 15.50∼18.83 µm, 39.08∼43.42 µm, 43.47∼28.08 µm, 70.00∼74.42 µm, 74.83∼79.25 µm, 105.42∼110.166 µm, 110.58∼115.25 µm. These regions are spatially staggered and complementary, allowing for an increased measurable regions with high sensitivity. Though not given here, using the transmittance of all the q = 0∼20 axial modes, a displacement sensor with a measurement range of 183.17 m and sensitivity (described by the transmittance variation versus displacement) more than 0.05/µm is numerically demonstrated. If the minimum distinguishable transmittance change is 1/1000, the obtainable displacement resolution will be 20 nm. Apparently, the displacement resolution depends on the slope threshold (shown in Figure 6a). Thus, by increasing the number of axial modes and the slope threshold, the resolution can be further improved.



The simulation results above theoretically demonstrate the effectiveness and feasibility of the proposed SNAP-taper coupling system for displacement sensing. It can be found that the sensing mechanism is based on the transmittance of the multiple axial modes and thus exhibits a good temperature stability. Benefiting from enough axial modes and optimized coupling parameters of the SNAP resonator, a wide range and high-resolution displacement sensor can be achieved. However, in order to realize this in experiments, there are some obstacles that need to be solved. First, it is obvious that the sensing performance is highly affected by the SNAP’s ERV, which determines the number of excited axial mode. Usually, the SNAP resonator is fabricated by accurately modifying the optical fiber-effective radius at nanoscale based on CO   2   laser or UV (248 nm excimer laser) beam exposures; as a result, the ERV is limited by the fiber inherent property and a new method to fabricate the SNAP with a large ERV is in urgent demand. Second, data-processing, including spectrum sampling, mode recognition and the calculation of mode characteristic parameters, is significantly important in realizing high-resolution displacement sensing. Based on the calculated characteristic parameters of different axial modes, the SNAP displacement can be obtained.



Notably, the fiber-based SNAP resonator can be fabricated into a probe-type sensor, making it a powerful tool for many displacement sensing applications, such as microstructure measurements, in both aerospace and nano-lithography fields. In addition, an algorithm to directly and efficiently determine the absolute position of the SNAP from the WGM spectrum is urgently needed. Further work will be focused on the experiment realization and the development of this algorithm, such as an encoding method or a neural network model.





5. Conclusions


In conclusion, we propose a novel displacement sensing method based on the multi-order modes of the SNAP-taper system. The sensing principle is no longer based on the shift in a single resonant wavelength, but utilizing the transmittance of the axial modes. The resonance spectrum and transmittance-z curve of SNAP-taper system are obtained by MATLAB simulation. By analyzing the effect of coupling parameters and ERV on the performance of displacement sensing, we obtain the best spectral shape when     | C |  2  = 0.015   µm    − 1   ,   D = 0.02 + 0.016 i   µm    − 1   ,    S  ( 0 )   = 0.95 − 0.01 i  ,   Δ k = 0.012   µm    − 1   . Apart from this, in order to further illustrate the sensing principle, we investigate the effect of the single-order, multi-order, and threshold on the sensing performance. This is feasible to realize wide-range and high-sensitivity displacement sensing by adjusting the transmittance threshold and the number of modes. Additionally, in the case of the 21 lowest-order modes, the sensing range can reach 183.17 µm with a resolution of 20 nm, when the sensitivity threshold is set at 0.05 and a distinguishable transmittance change of 1/1000 is considered. Although this new sensing scheme is theoretically feasible, there are still huge challenges in the experiment realization, such as the precise manufacturing of regular SNAP shapes. Future studies will explore this sensing issue by establishing experimental platforms. In addition, future research might apply neural networks to process a large amount of data in the transmission spectrum to realize the displacement sensing.







Author Contributions


Conceptualization, J.C. and Y.D.; methodology, H.W.; software, P.S. and J.C.; validation, J.C. and X.Z.; formal analysis, H.W.; investigation, Y.D.; resources, P.S.; data curation, J.C.; writing—original draft preparation, J.C. and Y.D.; writing—review and editing, J.C.; All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by National Natural Science Foundation of China (No.61801129); Project of Science and Technology of Foshan City (No.2015IT100152); University Innovation and Entrepreneurship Education Major Project of Guangzhou City (No.201709P05); Jihua Laboratory Foundation of Guangdong Province Laboratory of China (No.X190071UZ190); Science and Technology Program of Guangzhou, China (No.201803010065).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Vahala, K.J. Optical microcavities. Nature 2003, 424, 839–846. [Google Scholar] [CrossRef] [PubMed]

	



He, L.; Özdemir, Ş.K.; Yang, L. Whispering gallery microcavity lasers. Laser Photonics Rev. 2013, 7, 60–82. [Google Scholar] [CrossRef]

	



Bianucci, P. Optical microbottle resonators for sensing. Sensors 2016, 16, 1841. [Google Scholar] [CrossRef] [PubMed]

	



Cho, H.K.; Han, J. Numerical study of opto-fluidic ring resonators for biosensor applications. Sensors 2012, 12, 14144–14157. [Google Scholar] [CrossRef] [PubMed]

	



Righini, G.C.; Soria, S. Biosensing by WGM microspherical resonators. Sensors 2016, 16, 905. [Google Scholar] [CrossRef] [PubMed]

	



Dong, Y.; Wang, K.; Jin, X. Simulation and optimization of multilayer-coated microsphere in temperature and refractive index sensing. Opt. Commun. 2015, 344, 92–99. [Google Scholar] [CrossRef]

	



Yan, S.; Zhang, M.; Zhao, X.; Zhang, Y.; Wang, J.; Jin, W. Refractive index sensor based on a metal–insulator–metal waveguide coupled with a symmetric structure. Sensors 2017, 17, 2879. [Google Scholar] [CrossRef]

	



Schliesser, A.; Anetsberger, G.; Rivière, R.; Arcizet, O.; Kippenberg, T.J. High-sensitivity monitoring of micromechanical vibration using optical whispering gallery mode resonators. New J. Phys. 2008, 10, 095015. [Google Scholar] [CrossRef]

	



Zhang, P.; He, D.; Zhang, C.; Yan, Z. FDTD Simulation: Simultaneous Measurement of the Refractive Index and the Pressure Using Microdisk Resonator with Two Whispering-Gallery Modes. Sensors 2020, 20, 3955. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, S.; Liu, Y.; Shi, L.; Xu, X.; Zhang, X. Extinction ratio and resonant wavelength tuning using three dimensions of silica microresonators. Photonics Res. 2016, 4, 191–196. [Google Scholar] [CrossRef]

	



Ying, G.A.; Yz, A.; Guo, Y.B. Displacement and temperature sensor based on whispering gallery effect within unsymmetrical U-type fiber structure. Optik 2021. [Google Scholar] [CrossRef]

	



Jang, Y.S.; Lim, J.; Wang, W.; Flores, J.F.; Wong, C.W. Sub-fm/Hz1/2 displacement measurement on MgF2 whispering gallery mode microcavity. CLEO Appl. Technol. 2020. [Google Scholar] [CrossRef]

	



Liu, N.; Shi, L.; Zhu, S.; Xu, X.; Yuan, S.; Zhang, X. Whispering gallery modes in a single silica microparticle attached to an optical microfiber and their application for highly sensitive displacement sensing. Opt. Express 2018, 26, 195–203. [Google Scholar] [CrossRef] [PubMed]

	



Madugani, R.; Yang, Y.; Ward, J.M.; Riordan, J.D.; Coppola, S.; Vespini, V.; Grilli, S.; Finizio, A.; Ferraro, P.; Chormaic, S.N. Terahertz tuning of whispering gallery modes in a PDMS stand-alone, stretchable microsphere. Opt. Lett. 2012, 37, 4762–4764. [Google Scholar] [CrossRef] [PubMed]

	



Ilchenko, V.; Volikov, P.; Velichansky, V.; Treussart, F.; Lefevre-Seguin, V.; Raimond, J.M.; Haroche, S. Strain-tunable high-Q optical microsphere resonator. Opt. Commun. 1998, 145, 86–90. [Google Scholar] [CrossRef]

	



Sumetsky, M.; Dulashko, Y.; Windeler, R. Super free spectral range tunable optical microbubble resonator. Opt. Lett. 2010, 35, 1866–1868. [Google Scholar] [CrossRef]

	



Yin, C.; Gu, J.; Li, M.; Song, Y. Tunable high-Q tapered silica microcylinder filter. Chin. Opt. Lett. 2013, 11, 082302. [Google Scholar]

	



Sumetsky, M.; Fini, J. Surface nanoscale axial photonics. Opt. Express 2011, 19, 26470–26485. [Google Scholar] [CrossRef]

	



Jin, X.; Dong, Y.; Wang, K. Selective excitation of axial modes in a high-Q microcylindrical resonator for controlled and robust coupling. Appl. Opt. 2015, 54, 8100–8107. [Google Scholar] [CrossRef]

	



Dong, Y.; Jin, X.; Wang, K. Packaged and robust microcavity device based on a microcylinder–taper coupling system. Appl. Opt. 2015, 54, 4016–4022. [Google Scholar] [CrossRef]

	



Sumetsky, M. Theory of SNAP devices: Basic equations and comparison with the experiment. Opt. Express 2012, 20, 22537–22554. [Google Scholar] [CrossRef] [PubMed]

	



Sumetsky, M. Whispering-gallery-bottle microcavities: The three-dimensional etalon. Opt. Lett. 2004, 29, 8–10. [Google Scholar] [CrossRef] [PubMed]

	



Pöllinger, M.; O’Shea, D.; Warken, F.; Rauschenbeutel, A. Ultrahigh-Q tunable whispering-gallery-mode microresonator. Phys. Rev. Lett. 2009, 103, 053901. [Google Scholar] [CrossRef]

	



Miao, Y.; Peng, Y.; Xiang, Y.; Li, M.; Lu, Y.; Song, Y. Dynamic Fano resonance in thin fiber taper coupled cylindrical microcavity. IEEE Photonics J. 2016, 8, 1–6. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhang, K.; Zhou, S.; Wu, Y.H.; Chi, M.B.; Hao, P. Coupled-mode induced transparency in a bottle whispering-gallery-mode resonator. Opt. Lett. 2016, 41, 1825–1828. [Google Scholar] [CrossRef]

	



Wang, B.; Liu, Z.X.; Kong, C.; Xiong, H.; Wu, Y. Mechanical exceptional-point-induced transparency and slow light. Opt. Express 2019, 27, 8069–8080. [Google Scholar] [CrossRef]

	



Shang, Y.L.; Ye, M.Y.; Lin, X.M. Experimental observation of Fano-like resonance in a whispering-gallery-mode microresonator in aqueous environment. Photonics Res. 2017, 5, 119–123. [Google Scholar] [CrossRef]

	



Louyer, Y.; Meschede, D.; Rauschenbeutel, A. Tunable whispering-gallery-mode resonators for cavity quantum electrodynamics. Phys. Rev. A 2005, 72, 031801. [Google Scholar] [CrossRef]

	



Yariv, A. Optical Electronics: Saunders College; California Institute of Technology: Pasadena, CA, USA, 1991; pp. 519–524. [Google Scholar]

	



Jin, X.; Wang, K.; Dong, Y.; Wang, M.; Gao, H.; Yu, L. Multiple-channel dynamic bandpass filter via radiation modes-assisted transparency in a side-coupled SNAP microcavity. Appl. Phys. Express 2019, 12, 092001. [Google Scholar] [CrossRef]

	



Dong, Y.; Jin, X.; Wang, K. Simulation of internally referenced resonance in a three-layer-coated microsphere resonator. In Proceedings of the 7th International Symposium on Advanced Optical Manufacturing and Testing Technologies (AOMATT 2014), Harbin, China, 26 April 2014; Volume 9283, p. 928307. [Google Scholar]

	



Vitullo, D.L.; Zaki, S.; Jones, D.; Sumetsky, M.; Brodsky, M. Coupling between waveguides and microresonators: The local approach. Opt. Express 2020, 28, 25908–25914. [Google Scholar] [CrossRef]








[image: Sensors 21 02947 g001 550] 





Figure 1. SNAP displacement detection principle. (a) Schematic illustration of SNAP-based displacement sensing device and operation principle. The colored plotting describes the simulated spatial distribution of high-Q local modes. (b) Two different normalized transmission spectra in the sensing process. 
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Figure 2. The normalized transmission spectrum of SNAP-taper coupling with different   S  ( 0 )   . (a)    S  ( 0 )   = 0.95 − 0.01 i  ; (b)    S  ( 0 )   = 0.40 − 0.01 i  ; (c)    S  ( 0 )   = 0.10 − 0.01 i  . 
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Figure 3. (a,b) Normalized transmission spectrum with different coupling parameter D equal to 0.016i µm    − 1   , 0.04i µm    − 1   , respectively. (c,d) The normalized transmittance-z curve when q = 6 corresponding to (a,b). 
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Figure 4. The surface plot of the resonance transmission amplitude of the SNAP microresonator with different curvatures, and the black curve is the envelope of the resonance spectrum. From (a) to (c),   Δ k   = 0.024 µm    − 1   , 0.032 µm    − 1   , 0.048 µm    − 1   , respectively. The coupling parameters are    | C |  2   = 0.015 µm    − 1   , D = 0.02 + 0.016i µm    − 1   ,    S  ( 0 )   = 0.95   -   0.01 i  . 
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Figure 5. (a) The ideal surface plot of the resonance transmission amplitudes of the SNAP, with the coupling position from z = −200 µm to z = 0 µm. (b) The transmittance-z curves of the 21 lowest-order axial modes (q = 0 20), with the coupling position from z = 0 µm to z = 200 µm. 
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Figure 6. More detailed descriptions of the sensing methods. (a) Slope of the transmittance-z curve for q = 7 mode. (b) The transmittance -z curve of q = 7 mode. (c) Range available for sensing in q = 0~20 mode. 
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