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To accurately measure the surrounding refractive index (SRI), an all-fiber microstructure multi-parameters optical sensor based on Mach–Zehnder interferometer (MZI) has been designed. A homemade elliptical multilayer-core fiber (EMCF), in which only two modes could be propagated, is used in this sensor. This sensor has a sandwich structure of EMCF-SMF-EMCF (ESE). The sensitivities of RI, temperature, and strain are analyzed practically, and different from each other which would provide a basis for restraining cross-sensitivity of sensor and improving measuring precision. According to the numerical simulation, the relationship between the guided mode and relevant excitation coefficient is shown, and the sensing characteristic of the interference spectrum is well expatiated. Maximum sensitivities of ∼31.83 nm per refractive index unit (RIU), ∼69 pm/°C, and ∼2.06 pm/µε have been experimentally achieved. The monitoring system is promoted by the fact that the resonance dips have their individual sensitivities, and the standard matrix inversion method is used for simultaneous three parameters determination. Consequently, this fiber sensor could ensure the completion of accurate SRI measurements with temperature and strain decoupled.
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1 INTRODUCTION
The reliable and compact fiber sensors are significantly indispensable in many fields due to their unique characteristics, such as extremely high sensitivity and precision, stable electric insulation, chemical stability, resistance to electromagnetic interference, distributed measurement, and durability. Therefore, the fiber sensor has drawn a great deal of attention in various fields, such as the securities and protection monitoring [1, 2], biomedical instruments [3, 4], the construction industry [4, 5], aerospace [6, 7], etc. Apart from the above, the fiber sensor has the potential research values in measuring the surrounding refractive index (SRI). Compared with the conventional refractometer, which is mostly based on electrical and mechanical technologies [8], the fiber-optic SRI sensor has the advantages of compact size, anti-electromagnetic interference, high voltage, and corrosion resistance. However, due to the higher order modes guided in fibers, a stable clean interference spectrum would be hardly obtained. In addition, due to the temperature and axial micro-strain cross-sensitivity, the fiber-based refractometer could hardly achieve high-accuracy survey as well.
To attain a stable clean interference spectrum, the number of guided modes in the fiber must be limited, and the energy occupation of each mode should be roughly the same [9]. To restrict the number of interference modes, some solutions like using few modes fiber (FMF) have been demonstrated, such as temperature and strain sensors using an elliptical central silica core [10], gas concentration measurement based on the dual-mode Fiber Bragg Grating (FBG) structure [11], dual-parameter active fiber sensor based on a fiber ring laser [12], liquid-core optical fiber [13], and et al. A novel SRI sensor based on a specially designed polyimide coated dual-mode fiber (DMF) is presented by Lei [14]. The structure of this fiber is fabricated with an inner core, three inner claddings, and a pure silica outer cladding, which only permits the fundamental mode, [image: image], and the higher order core mode, [image: image], to propagate. However, higher order modes could be propagated in the round-core fiber, which leads to an unstable interference spectrum. In addition, the perturbance of temperature and micro-strain in the refractometer could also cause an unpredictable disturbance. Several schemes have been proposed to remove one interfering component, such as the temperature-compensated refractometer [15], and the refractometer with strain-error correction [16]. Moreover, there are some schemes proposed for the simultaneous measurement of them. A novel fiber-optic refractometer is proposed with its temperature and axial strain compensation [17]. This literature demonstrates a scheme using a tapered bend-insensitive fiber. However, numerous nanoscale gas-filled voids are embedded in its cladding, making it complex and a little repeatable. This study aims to develop a precision refractometer using homemade elliptical multilayer-core fibers (EMCF) with EMCF-SMF-EMCF (ESE) structure. Based on the in-fiber Mach–Zehnder interferometer (MZI), this refractometer is proposed and experimentally characterized.
This sensor has the advantage of a stable structure and is relatively easy to be fabricated. Furthermore, it could simultaneously measure SRI, temperature, and axial micro-strain. The transmission dips have their individual sensitivities. Thus, the temperature could be compensated, and axial micro-strain error could be corrected, which leads to an improvement in SRI measurement. In addition, by utilization of the EMCF, the higher order modes are suppressed, and it could only support the [image: image] and [image: image], while the [image: image] would be suppressed by the elliptical fast-axis [18]. This strict dual-mode EMCF would enable this sensor to achieve a stable and clean interference spectrum [19]. Consequently, the multi-parameter monitor is easy to carry out by the wavelength shift. A detailed analysis of the mode interference is proposed. The operation mechanism and methods for characteristic compensation are demonstrated in elaborate experiments.
2 DESIGN AND PRINCIPLES OF OPERATION
2.1 Structure of the EMCF
This homemade strict dual-mode EMCF could be obtained with conventional modified chemical vapor deposition (MCVD) and solution-doping techniques. It is composed of an elliptical core area and conventional cladding. Figure 1A illustrates the cross-section micrograph of the elliptical core area, while the cross-section microstructure of the EMCF is shown in Figure 1D. It could be found from Figures 1A, D that the elliptical core area consists of a central elliptical core and three inner elliptical layers. The elliptical core area has a slow/fast axis with a length of 22.64/18.05 μm, and the diameter of the fiber is 125 μm. This special structure guarantees the feasibility of the strict dual-mode operation, which will be described in more detail later.
[image: Figure 1]FIGURE 1 | Schematic diagrams of (A) the cross-section micrograph of the elliptical core area; (B), (C) the index profile along the fast/slow axis; and (D) the cross-section microstructure of the EMCF.
Figures 1B, C depict the distribution of the refractive index (RI), which is gained by an optical fiber analyzer (EXFO NR9200). This alternating low and high refractive index in the elliptical ring structure is acquired by doping with fluorine and germanium. The EMCF has a conventional cladding, the gray part, whose RI is 1.444. The highest RI of the slow/fast axis could achieve about 1.449/1.4485, while the lowest part could be approximately 1.4408/1.4415. The RI distribution is non-uniform and not strictly axisymmetric, which might have some influence on the mode distribution [20].
2.2 Configuration of the sensor and transmission principle
A fiber sensor, an in-fiber MZI based on ESE, has been utilized, and schematically plotted in Figure 2A and widely detailed in Figure 2C. It has a symmetrical ESE structure in that two same EMCFs are spliced to each end of a central SMF (Corning SMF-28). Then, two segments of SMF are stitched to the opposite ends of the ESE, playing the role of input and output SMF, respectively. Each segment is combined by the fiber fusion splicer (Fujikura, FSM-100M/P). As depicted in Figure 2B, the ESE is 48 mm long, which is 10 mm less than the total length of the sensor. This compact size enables this sensor to have a great potential for development and application in the field of micro-sensing. In more detail, the EMCF and central SMF lengths are 5 mm and 38 mm, respectively. This geometrical size is specially designed for an ideal coupling ratio of the propagating modes, which would be discussed in detail later.
[image: Figure 2]FIGURE 2 | Details of the proposed sensor, (A) the three-dimensional structure; (B) the close view and geometrical sizes; (C) the representation and operation.
Figure 2C shows the basic sensing principle of the sensor. A Gaussian beam is injected into the lead-in SMF, playing the role of the light source. Before reaching the central SMF, whose core and cladding act as the two arms of MZI, the fundamental modes ([image: image]) and other cladding modes are excited by the first EMCF. As all the cladding modes have been coupled back to the core area by the second EMCF, an interference spectrum could be obtained in the lead-out SMF [21]. The SRI, temperature, and axial micro-strain could influence the optical path difference (OPD) of the [image: image] and other modes. Hence, this device has the potential to measure the three parameters simultaneously. In addition, the fused splice losses between each EMCF and SMF, which correspond to Point 1 to Point 4, are 0.16 dB, 0.26 dB, 0.25 dB, and 0.16 dB, respectively. To have a high extinction radio MZI, the major axes of two EMCFs should be aligned, and the rotation angle of this two fibers should be specially arranged. The manufacturing approach is referenced to [22]
As mentioned above, the largest RI difference in the core area is only 0.0082, which satisfies the weakly guiding approximation [23]. By accumulating all the excited modes, which could be described as normalized and orthogonal wave functions, the total optical field distribution [image: image] is derived as
[image: image]
Where N is the number of excited modes in the EMCF. [image: image], [image: image], [image: image] are excitation coefficient, guided mode distribution, and the longitudinal propagation constant in the EMCF, respectively. n represents a particular mode. Theoretically, the total field distribution is nearly the same as the incident field distribution. At the [image: image] position, the excitation coefficient, [image: image], could have the expression in the form as [24]
[image: image]
Where [image: image] is the incident field distribution in the input SMF.
Figure 3A describes the curves of different effective refractive index [image: image] vs. wavelength [image: image]. According to the optical waveguide theory [27], the cutoff wavelengths of [image: image] and [image: image] are not the same, which is different from that of the conventional circular optical fiber. This happens because the effective index is related to the geometric size of the elliptical axis. Consequently, the [image: image] has a higher cut-off wavelength than that of [image: image]. With a wavelength ranging from 1,425 nm to 1,575 nm, only the [image: image] and [image: image] could be propagated in the elliptical waveguide system. As a result, the EMCF could be considered as a distinct dual-mode fiber, which could only support four orthogonal polarization modes.
[image: Figure 3]FIGURE 3 | The guided-mode propagation analysis in EMCF, (A) the curves of [image: image] vs. [image: image] of the guided modes; (B) excitation coefficients for different modes in 1,510 nm; (C) excitation coefficients of various modes for various wavelength propagating in the first EMCF.
According to the definition of the half beat length [image: image] [24]
[image: image]
Where the propagation constants of [image: image] and [image: image] are represented as [image: image] and [image: image], respectively. In this sensor, the EMCF is 5 mm long, which is approximate eleven times of [image: image]. Hence, according to the coupled mode theory [23], the coupling ratio could achieve approximately 3 dB. As shown in Figure 3B, in the first EMCF, the excitation coefficient of [image: image] is 49%, and the one of [image: image] is 32.4%. Other modes, which occupied 18.6%, are depicted in Figure 3C. Most obviously, the two mode groups, [image: image] and [image: image], are dominant. In contrast, other higher order modes are so weak that they could be neglected. The reason why the higher order modes could be excited is that the coating of the EMCFs is removed completely. However, most of them would reduce exponentially because of weakly bound [9].
According to the definition of the normalized constant [image: image] [9]
[image: image]
Where [image: image] is the operation wavelength, R is the diameter geometry of the fiber, [image: image] is the index of core/cladding. Since the normalized constant [image: image] of the EMCF varies in the different working wavelengths, the excitation coefficients among the three wavelengths are slightly different. In this case, a stable and clean interference spectrum could be gained.
Figure 4 shows the transmission spectrum and the free spectral range (FSR). As depicted, the interference spectrum is clean and stable. Since the two dominant mode groups have a close excitation coefficient, this phenomenon could be explained by the distinct dual-mode interference process. Therefore, regardless of other modes, the FSR could be described as [25].
[image: image]
Where [image: image] is the refractive index difference between modes [image: image] and [image: image] in the central SMF/EMCF. [image: image] and [image: image] are the lengths of the central SMF and EMCF, respectively. The FSRs in the air and water are the distance of the adjacent resonance dips, which are 12.6 nm and 12.4 nm, respectively. The spatial frequency is gained by the Fast Fourier Transform (FFT). The distance between the two peaks is 0.08069/nm in air and 0.08075/nm in water. The two peaks show that there are mainly two modes with similar power. However, there are some evanescent modes, which would cause some effect on the sensitivity and drift direction of the interference dips. To sum up, a clean and stable interference spectrum could be obtained by taking advantage of the strict dual-mode EMCF and controlling its length. The distinct FSR between each resonance dip is conducive to multi-parameter sensing because it could support a cleaner dip-drift spectrum. In addition, more accurate parameter sensitivities could be achieved. Finally, the conventional demodulation algorithm could be more simple and more precise.
[image: Figure 4]FIGURE 4 | Interference-pattern analysis: the measured transmission spectrum and corresponding spatial frequency of the EMCF-based MZI in (A) air/ (B) water.
2.3 Sensing principle
According to the optical waveguides theory [20], compared with [image: image], the [image: image] has a lower effective refractive index, who has a low optical waveguide confinement property. Furthermore, the ESE structure has no coating, decreasing the absorption of radiation modes. As a result, [image: image] modes could be propagated in the cladding of the central SMF. The sensing principle is based on the multimode interference (MMI) effect. The OPD between these two modes could be influenced by the environment which could change the effective refractive index and the [image: image]. Regardless of the much shorter part, [image: image] , the phase delay [image: image] could be expressed as [17]
[image: image]
Where [image: image] and [image: image] are the effective refractive index of [image: image] and a higher order mode, respectively. [image: image] is the effective refractive index difference between these two modes. The extinction radio of the interference spectrum could reach optimal performance, as [image: image]. Regardless of the evanescent modes, we could replace Eq. 6 by
[image: image]
Where [image: image] is the wavelength of the nth resonance dip. As a result, [image: image]. In practical application, [image: image] could be influenced by axial micro-strain, temperature, and SRI simultaneously.
When axial micro-strain serves as the only source of interference, the change of [image: image] caused by axial micro-strain could be described by [25]
[image: image]
Where [image: image] is the variation of [image: image] caused by micro strain, μ is the Poisson ratio, and pe is the effective strain-optic coefficient. For most silica fibers, μ and pe value 0.16 and 0.22, respectively. [image: image], is the variation of axial micro-strain. Thus, [image: image] is a coefficient only related to material type. Therefore, the axial micro-strain could be determined by the shift of resonance wavelength.
Overlooking the affect by axial micro-strain and SRI, the change of [image: image] caused by temperature, [image: image], could be obtained as [26]
[image: image]
Where [image: image] and [image: image] are the thermal optical coefficient and dilatation coefficient respectively. For certain materials, [image: image] and [image: image] are two constants. [image: image] is the fluctuating temperature. [image: image] is a constant only changed by the material type. Thus, by monitoring the wavelength drift, we could obtain the exact variation of the surrounding temperature.
When only SRI is considered, [image: image] would remain stable because of its deep location. Hence, the wavelength of the nth resonance dip influenced by SRI, [image: image], could be expressed as follows
[image: image]
Where [image: image] is the effective refractive index of a higher order mode influenced by SRI. Then the variation of [image: image] caused by SRI, [image: image], satisfies a similar equation [26]
[image: image]
Where [image: image] is the SRI variation, K is the proportionality between [image: image] and [image: image]. [image: image] is a fixed constant as mentioned above. Generally, the relationship between [image: image] and [image: image] tend to be non-linear. However, in this experiment, the range of [image: image] is strictly limited. Hence, [image: image] could have a nearly linear increase with the increase of SRI. As a result, [image: image] is a fixed value as [image: image] and [image: image]. Similarly, by measuring the variation of [image: image], the SRI could be gained.
In addition, the sensitivity of each dip is different due to higher modes, which would be demonstrated with emulation and experiment results. To sum up, [image: image], [image: image], and [image: image] provide an opportunity to construct a character matrix for precision SRI sensing. Thus, this sensor could facilitate discrimination among the SRI, the temperature, and micro-axial strain, achieving accurate SRI measurement with temperature and axial strain compensations.
The essential condition to facilitate discrimination among these three parameters is differences in drift-sensitivity and drift-direction for environment variables. This phenomenon is caused by the higher order modes and has been analyzed in Figure 5. Based on the waveguide property, different [image: image] would cause different interference frequencies, [image: image]. Various [image: image] could cause various phase delays, Ψ, as the variation of the environment. To better explain this phenomenon, the frequency components are taken analogous to sinusoids in the time domain. The interference pattern produced by [image: image] and [image: image] is depicted in Figure 5A. Qualitatively, it processes a wide range of intensity and a lower [image: image], compared with the other interference pattern, Figure 5B, which is caused by [image: image] modes and higher order modes. Regardless of the various intensity and other contributing factors, the MMI effect is taken analogous to sinusoids mixing, and is shown in Figure 5C. The degree of drift for each resonance dip is different, demonstrating that the higher order modes could affect drift sensitivity. Figure 5D depicts the changing tendency of the excitation coefficients. With the increasing working wavelength, the effective refractive indexes of the guide modes would decrease slightly. As a result, the excitation coefficients of [image: image] and [image: image] would decline, and those of other modes would rise gradually. Figure 5E presents the shift directions as the variation of the excitation coefficients. One can find that the marked dips show different shift directions and different drift sensitivities. To sum up, the waveform drift is ultimately determined by the [image: image] and excitation coefficients of guide modes.
[image: Figure 5]FIGURE 5 | The mechanism analysis of the spectra shift, (A), (B), (C) the different sensitivities of the dips as the variation of the [image: image]; (D), (E) the different shift directions as the variation of the excitation coefficients.
3 EXPERIMENTAL METHODS AND DISCUSSION
As mentioned above, a precision refractometer with temperature and strain compensated simultaneously could be accomplished with the structure of ESE. For this purpose, this sensor has been tested under different environments with one variable controlled.
Figure 6A presents the experimental architecture for temperature measurement. The sensor is secured with two fiber clips to prevent transverse bending. The micro-adjusters are applied to obviate the disturbance of the axial micro-strain. All the devices are placed in a temperature control box (WEISS, WT1-180). A broadband source (KOHERAS, superK uersa) serves as a light source. The S + C band range is provided for the sensing system, which is used for conventional communication. As a result, this refractometer could have potential application in remote sensing system. The optical spectrum analyzer (OSA) is used for detecting the interference spectrum. The experimental transmission spectra showing a wavelength red shift corresponding to the temperature of 0°C–80°C, are presented in Figure 7A. The temperature range is divided into nine values (0, 10, 20, 30, 40, 50, 60, 70, 80°C). With the increase of the ambient temperature, the resonant wavelength increases by 4.625 nm on average. A linear relationship between the temperature and resonance wavelength is shown in Figure 7D. The line slopes represent the different drift-sensitivities, which are about ∼69.02 pm/°C, ∼59.03 pm/°C, and ∼45.45 pm/°C, respectively. The average correlation coefficient of polynomial fitting, R2, is above 0.998, demonstrating very accurate linearity.
[image: Figure 6]FIGURE 6 | The schematic diagram of experimental setup for (A) temperature, (B) SRI, and (C) strain measurement.
[image: Figure 7]FIGURE 7 | The tri-parameter monitoring results, (A), (B), (C) experimental transmission spectra under different RI/temperature/strain of surrounding areas; (D), (E), (F) the fitted line of dips wavelength shifts with different RI/temperature/strain.
Figure 6B shows the SRI experiment, in which this sensor is submerged in NaCl solutions of 0%–15% at 20.0°C with zero strain. The SRI increases in line from 1.3330 to 1.3609 with the concentration of NaCl increasing, which is measured by an Abbe refractometer. The measuring approach is referenced to [28]. In contrast with temperature sensing, the dip wavelength shows a blue shift as depicted in Figure 7B. The accurate linear relationship between SRI and the resonance dips with an average R2 over 0.988 is shown in Figure 7E. The sensitivities of SRI for each dip are ∼28.66 nm/RIU, ∼17.35 nm/RIU, and ∼31.83 nm/RIU, respectively.
Figure 6C illustrates the experiment of measuring axial micro-strain at room temperature. In it, the sensor could be elongated by the micro-adjuster. The axial strain experiment, Figure 7C, is carried out by elongating the ESE structure at a step of 10 µm, corresponding to 208 µε. Similarly, it shows a blue shift. The linear relationship between the axial micro-strain and the resonance dips with an average [image: image] over 0.999 is recorded in Figure 7F. The sensitivities for each dip are about ∼2.06 pm/µε, ∼1.84 pm/µε, and ∼1.71 pm/µε, respectively. The fiber-optic SRI sensor exhibits a cross-sensitivity of strain, which is consistent with previous studies [16, 22]. Therefore, an ideal refractometer should be capable of discriminating the strain induced wavelength shift.
To sum up, the linearity of this refractometer is very accurate. In both the simulation and experiment, the resonance dips have their individual sensitivities. In addition, in the experiments, the dips’ drift direction is depended on the [image: image], [image: image], and [image: image]. As only [image: image] is positive, the interference spectrum would have a red shift as the temperature increasing, while the one would have a blue shift as the SRI or axial micro-strain increasing. However, these coefficients which would affect the experiment result are not considered in the simulation. Thus, the drift direction in the simulation is different from that of experiment. In order to give the experiment direction, the proper simplified condition would be desirable. In short, the calculated results are in good agreement with the experimental data.
The standard matrix inversion method could be used for simultaneous determination of axial micro-strain, temperature, and SRI, when taking [image: image], [image: image], and [image: image] as the nth dips’ drift slopes. By combining Eqs. 7–9, a matrix equation could be obtained to facilitate discrimination among the three parameters as follows.
[image: image]
Where [image: image] is a coefficient matrix. As [image: image] and [image: image] are available through specific experiments, the negative effects of strain and temperature cross sensitivity could be quantified. Thus, by calculating the inverse matrix of the coefficient matrix, [image: image], the error due to temperature and axial micro-strain could be compensated to negligible degree. The proposed approach shows better measurement characteristics than the previous scheme, which usually could only realize temperature or micro-strain compensation. Thus, this SRI sensor is suitable for resolving a high degree of cross-sensitivity.
4 CONCLUSION
In conclusion, a precision fiber refractometer with temperature and axial micro-strain compensation has been demonstrated. Based on the strict dual-mode EMCF, the in-fiber MZI could obtain a stable clean interference spectrum. This high-quality spectrum is a guarantee for multi-parameter sensing. The FFT analysis of the interference spectrum demonstrates that almost only foundation modes and [image: image] are supported. The mechanism of MMI has been developed to interpret the various drift sensitivities and drift direction, which is a novel formulation. By measuring the three dip shifts, the coefficient matrix [image: image] could be calibrated. Consequently, the three parameters could be measured simultaneously by using the method of spectrum character demodulation. Finally, this refractometer could achieve precision SRI sensing with temperature and axial micro-strain compensation. Therefore, the proposed approach shows great potential for applications in precision SRI measurement with the multi-parameter cross sensitivity [27, 28].
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