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Abstract

:

Interferometric fiber-optic sensors provide very high measurement accuracy and come with many other benefits. As such, the study of signal processing techniques for fiber-optic interferometers in order to extract information about external perturbation is an important area of research. In this work, the method of Fourier analysis was applied to extract information from the output signals of an intermodal fiber interferometer with spectral interrogation. It is shown that the external perturbation can be measured by obtaining the phase spectrum of the spectral transfer function of an intermodal fiber interferometer and determining the phase difference of a certain pair of mode groups. A mathematical model of this approach was developed, taking into account the parameters of the laser and the optical fiber, the number of excited mode groups, and the parameters of external perturbation. The theoretically considered method of Fourier analysis was experimentally verified, and it was proved to provide a linear response to external perturbation in a wide dynamic range.
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1. Introduction


Interferometric fiber-optic sensors of physical quantities have been actively used in science and technology over the past few decades [1,2,3,4,5,6,7,8,9,10]. The reason for this is the combination of very high achievable measurement accuracy and a number of other advantages—electromagnetic neutrality, biological compatibility, and small size and weight. All this stimulates the increased interest in the study of this type of sensors.



One of the types of such sensors is based on an intermodal fiber interferometer (IFI). Simplicity and relatively low cost, which are the main advantages of IFIs, support the interest in the investigation of IFI-based sensors for medical applications, temperature, pressure, strain, vibration sensing, and other applications [11,12,13,14,15,16,17,18,19,20,21,22]. Such applications of IFIs as the implementation of IFI-based sensors with polymer optical fiber [23,24,25,26,27] and the use of IFI-based sensors for multiparametric measurements [28,29,30] are also actively being investigated.



The basic principle of IFI operation is as follows. A multimode fiber (MMF) acts as the sensitive element, in which a coherent light source excites a certain number of modes. If an external perturbation affects the MMF, the relative phase differences of the modes change, and this, in turn, leads to a change in the configuration of the interference pattern (speckle pattern) at the output end of the MMF. Insofar as the output signal is being diaphragmed, changes in the output light intensity are observed, which are actually the IFI signal. Due to the fact that the IFI signal contains information about the magnitude of the perturbation on the IFI, it can be used to measure this perturbation.



There are two problems that seriously complicate the feasibility of using IFIs to implement sensors, namely the nonlinearity of the IFI signal and its susceptibility to signal fading, that is, unpredictable variations in the IFI signal amplitude and its contrast with changes in environmental conditions. There are several ways to eliminate these obstacles: these are methods of adaptive registration of IFI signals [31], methods of averaging its signals [32,33,34,35,36], and correlation analysis methods for speckle patterns at the MMF output [37,38,39,40,41,42,43]. These methods can significantly reduce the signal fading, but they do not solve the problem of its nonlinearity.



Recently, methods related to spectral interrogation of fiber-optic sensors have been actively developed [44,45,46,47,48,49,50]. These approaches are actively used in the implementation of sensors based on single-mode–multimode–single-mode (SMS) structures [30,51,52,53,54,55].



The spectral interrogation approach can also be used for an IFI. In this article, we refer to this IFI implementation as an intermodal fiber interferometer with spectral interrogation (IFISI).



The authors of this paper previously considered the approach of correlation analysis of IFISI signals [56,57] and proved that this approach really provides a linear and stable response to external perturbation. Nevertheless, its main disadvantage was revealed, namely its relatively small dynamic range, within which a linear response to external perturbation can be obtained.



In this paper, an approach based on Fourier analysis of IFISI signals is considered. This approach is based on obtaining the phase spectrum of the IFISI spectral transfer function and determining the phase difference of a certain pair of mode groups. The determined phase difference of a pair of mode groups linearly depends on the external perturbation on the MMF, which makes it possible to use this approach in the implementation of sensors of physical quantities.



It is important to note that this approach is actively used in the implementation of sensors based on SMS structures [30,51,52,53]. However, these SMS structures utilize a relatively short step-index MMF segment. In our work, we applied this method to the IFISI with long graded-index MMF. Moreover, most of the published works on SMS sensors treat spectral interrogation rather empirically, omitting proper theoretical analysis of mode propagation.



As a result of our research, a mathematical model of the IFISI with Fourier analysis of its signals was developed. This model takes into account all the main parameters of the IFISI—the parameters of the MMF, the number of excited mode groups, and the performance characteristics of the laser. Using this model, numerical simulation of an IFISI with Fourier analysis of its signals was carried out. The Fourier analysis of the IFISI signal approach was implemented and investigated experimentally. The experimental results are consistent with the results of calculations based on the developed mathematical model.



Our research demonstrates that the Fourier analysis of IFISI signals provides a linear response to external perturbation. Thus, this approach can be used in the implementation of a physical quantity sensor based on an IFISI with a long MMF.




2. Theory


2.1. Principal Scheme and Basic Principles of Operation


Figure 1 illustrates the basic operating principles of the IFISI. The schematic design of such an IFISI is shown in Figure 1a. The laser emits light, the optical frequency of which is scanned in a certain range [v0; v0 + Δνspan]. The duration of one scan is τscan; the period of the scans is Tscan.



The light is launched into the MMF, which acts as a sensitive element to external perturbation. After passing through the MMF, the light is spatially filtered (for example, by connecting the output end of the MMF with the single-mode fiber (SMF), whose core diameter is smaller) and then received by a photodetector.



The external fiber perturbation (EFP) leading to a change in the MMF length is considered. In Figure 1, an EFP is presented, leading to a linear elongation of the MMF δL (Figure 1b).



As a result of each optical frequency scan, the dependence of the IFISI signal on the optical frequency is formed on the photodetector. This dependence appears to be the spectral transfer function (STF). Figure 1c shows a sequence of optical frequency scans, and Figure 1d shows three STFs at an enlarged scale on a time axis.



As EFP affects the IFISI, the STF is modified; namely, it is shifted along the optical frequency scale. This is clearly seen in Figure 1e, where the three STFs obtained at different magnitudes of the MMF elongation δL are shown in one plot.



Thus, it is obvious that the EFP can be measured by analyzing the STF change. In the following sections, it will be shown that Fourier analysis of the STF approach can be used to reach this goal.



It is important to note that in order to apply this approach to measuring the EFP, several conditions must be met, as follows:




	
The duration of one optical frequency scan τscan should be small enough that, over the time interval of the τscan, the value of MMF elongation δL can be considered constant;



	
The period of the scan sequence Tscan should be significantly shorter than the characteristic period of EFP (in accordance with the Nyquist criterion).








Within the framework of our analysis, we knowingly assume that these conditions are met.




2.2. Basic Expressions and Physical Interpretation of STF


Before starting a theoretical analysis, it is necessary to make a number of important assumptions. We assume that the laser output intensity does not depend on the optical frequency. The number of excited mode groups and their amplitudes also do not depend on the optical frequency. It should be noted that, strictly speaking, the number of mode groups increases with increasing optical frequency. However, in the scanning range under consideration, the difference in the number of mode groups does not exceed one, so this effect can be neglected. The MMF itself is isotropic and lossless. We confine our consideration to external perturbations that do not give rise to mode coupling in the MMF, so this effect can also be neglected. All these assumptions make it possible to significantly simplify analytical expressions without significantly reducing their accuracy.



The input data for the calculations (MMF parameters and laser parameters), the results of which are given in this section, were chosen to be the same as they were when carrying out the experiments. These parameters are shown in Table 1.



It is notable that the refractive index profile parameter α was not given by the manufacturer of the optical fiber used in the experiments. However, insofar as the α parameter controls the delay time between different mode groups [58], its value can be deduced from the preliminary measurements of the delay times between the mode groups in the MMF used. An explanation of this method of α parameter estimation is given at the end of this section. Thus, obtained value of α is also shown in Table 1.



The parameter variables in the calculations (the number of excited mode groups, and the scanning range of the optical frequency Δνspan) are not presented in Table 1.



An expression describing the IFISI signal at some point on the MMF output end, depending on the magnitude of the EFP (MMF elongation δL) and the optical frequency ν, is written as follows [33].


  I ( ν ) =  1 M    ∑  k = 1  M        a k     2  +    2   M 2  − M     ∑  i = 2  M     ∑  k = 1   i − 1     a k   a i  cos   Δ  β  ki   ( ν ) ( L + δ L ) +    φ k  −  φ i           



(1)




where the first term is the constant component of the light intensity, the second term is the interference component, M is the number of excited mode groups, L is the MMF length, δL is the magnitude of MMF elongation as a result of EFP, ν is the optical frequency of the light source, Δβki is the difference between the propagation constants of the k-th and i-th mode groups at the frequency ν [58], ai is the amplitude of the i-th mode group, and φi is a random phase shift of the i-th mode group occurring on local inhomogeneities of the MMF.



By expanding Δβki into a Taylor series in the vicinity of the optical frequency ν0 and introducing a multiplier characterizing the effect of the laser linewidth, Equation (1) can be written [57]:


    I ( δ ν ) =  1 M    ∑  k = 1  M        a k     2  +    2   M 2  − M     ∑  i = 2  M     ∑  k = 1   i − 1     a k   a i    sin ( π ⋅ Δ  t  ki   ⋅ Δ  ν a  )   π ⋅ Δ  t  ki   ⋅ Δ  ν a    ⋅     cos   Δ  β  ki   (  ν 0  ) ( L + δ L ) + 2 π Δ  t  ki   δ ν +    φ k  −  φ i         



(2)




where ν0 is the optical frequency of the light source, δν is the value of the optical frequency detuning from ν0, Δνa is the laser linewidth, and Δtki is the difference in propagation times of the k-th and i-th mode groups (delay time between the mode groups), determined [58] in accordance with Equation (3).


   t k  =   n L  c    1 +   α − 2 − 4 δ   α + 2   Δ      k N        2 α   α + 2     +   3 α − 2 − 8 δ   α + 2      Δ 2   2       k N        4 α   α + 2            



(3)




where k is the mode group index, n is the refractive index at the core axis, c is the speed of light, α is the refractive index profile parameter, Δ is the relative difference in refractive indices, N is the maximum number of mode groups for a given MMF, and δ is the material dispersion parameter [58].



In fact, the STF is expressed by Equation (2). Figure 2a–c show three STFs calculated for a different number of mode groups M.



The STF obtained by scanning the optical frequency for the case of two excited mode groups (Figure 2c) has a harmonic shape. The physical interpretation of this is quite simple: Two mode groups can be considered as two interfering beams passing through different optical paths. With a linear change in the optical frequency, the phase difference of these mode groups changes linearly, so the corresponding IFISI signal is harmonic. At the same time, as noted earlier, the EFP on the MMF also causes a change in the phase difference of the mode groups excited in the MMF. Consequently, the EFP on the MMF leads to a shift of the STF along the frequency scale (the red dotted line in Figure 2c).



The STFs shown in Figure 2a,b have more complex shapes. This is explained by the fact that these STFs are a superposition of harmonic signals, each of which characterizes the interference of a pair of mode groups with certain amplitudes and phases.



Since the STF is generally a superposition of harmonic signals, the Fourier transform can be applied to the STF. The result of this transform is a set of complex spectral components, each of which corresponds to a separate pair of mode groups.



In this case, the modulus of a certain spectral component is associated with the corresponding mode groups’ amplitudes and the argument with the mode groups’ phase difference. Since the EFP (MMF elongation δL) leads to a change in the phase difference of the mode groups, it is obvious that the EFP can be measured by determining the phase difference of a pair of mode groups, which is uniquely related to the argument of the corresponding spectral component of the Fourier image.



By applying the complex Fourier transform to Equation (2), using well-known mathematical relations [59], it is possible to obtain the expression for the Fourier image of the STF:


  S ( Δ t ) =  2   M 2  − M     ∑  i = 2  M     ∑  k = 1   i − 1     a k   a i      ⋅   sin ( π ⋅ Δ  t  ki   ⋅ Δ  ν a  )   π ⋅ Δ  t  ki   ⋅ Δ  ν a    ⋅   sin   π ⋅ Δ  ν  s p a n   ⋅   Δ  t  ki   − Δ t       π ⋅ Δ  ν  s p a n   ⋅   Δ  t  ki   − Δ t     ⋅ exp   i   Δ  β  ki   (  ν 0  )   L + δ L   + Δ  φ  k i        



(4)




where Δt is the time parameter characterizing the delay between the mode groups, and Δνspan is the optical frequency scanning range.



Figure 2d–f show the results of calculating the moduli of the Fourier images of the STF, presented in Figure 2a–c.



It can be seen from Figure 2d–f that the presented spectral characteristics correspond to the actual composition of the mode groups excited in the MMF. The variable Δt, traced along the abscissa axis, actually characterizes the delay time between the mode groups. The delay time between the mode groups Δtki and, consequently, the type of the corresponding spectrogram depend on the MMF parameters, such as the MMF length, the refractive index profile parameter α, the numerical aperture, etc.



Summarizing the above consideration, the EFP can be measured through the following steps:




	
Register the sequence of STF changes produced by the EFP;



	
Perform the Fourier transform of each STF; select the spectral component Δtki corresponding to some pair of mode groups, and for this spectral component find the value of the argument;



	
Determine the magnitude of the EFP by observing the change in the argument of the corresponding spectral component.









2.3. Numerical Simulation of the IFI with Spectral Interrogation and Fourier Analysis of Its Signals


As can be seen from Equation (4), the Fourier image of the STF and, consequently, the IFISI response to EFP depend on all the main IFISI parameters. Meanwhile, different parameters have different influences on the IFISI operation. This section discusses the impact of the most important of these parameters.



One of the most important parameters is the delay time between the mode groups Δtki. As can be seen from Equation (3), Δtki depends on the most important IFISI parameters, in particular on the MMF length L and the profile of the refractive index taken into account in Equation (3) through the parameter α.



Figure 3 shows the STFs and the moduli of their Fourier images calculated in accordance with Equations (2) and (4) for step-index and graded-index MMF.



It can be seen from Figure 3a that in the case of step-index MMF, the STF contains significantly more periods than the STF for the case of graded-index MMF. This is due to the fact that the delay time between mode groups in step-index MMF is significantly longer than in graded-index MMF.



To implement the approach of Fourier analysis of IFISI signals, it is necessary to select the refractive index profile, the MMF length, and the optical frequency scanning range Δνspan in such a way that the STF contains several periods, since this is a condition for obtaining a Fourier image corresponding to the composition of excited mode groups.



Another important parameter is the laser linewidth Δνa. Calculations using Equation (4) showed that the amplitudes of the spectral components in the Fourier image of the STF depend on the value of Δνa (Figure 4).



Figure 4 shows that the amplitude of the spectral component depends on Δνa as a function of |sin(x)/x|, and the position of the zeros is determined by the ratio Δνa = m/Δtki, where m = 1, 2, …. This is explained by the fact that each point of the STF, in fact, is the result of integrating the light intensity in the frequency range Δνa. Thus, when this ratio is fulfilled, the integration interval is equal to or an integer number of times greater than the period of the harmonic component of the STF corresponding to this pair of mode groups, which leads to the disappearance of this harmonic component from the spectrum.



It is important to note that there is another physical interpretation of the results presented in Figure 4. A decrease in the spectral component magnitude with an increase in the laser linewidth Δνa is associated with a decrease in the coherence of the IFISI’s operating mode. Indeed, for constructive interference of two beams, it is necessary that the coherence length of the laser is much greater than the path difference between these beams. As noted earlier, mode groups act as interfering beams in the IFISI. An increase in the laser linewidth Δνa could be interpreted as a decrease in coherence length. Thus, when the coherence length of the laser approaches the path difference of a pair of mode groups, the magnitude of the corresponding spectral component starts to decrease. The first zero occurs when the coherence length equals the path difference of that pair of mode groups.



Another important parameter is the optical frequency scanning range Δνspan. Obviously, its value conditions the number of periods of the STF and thus the resolution of the delay time Δt between the mode groups in the Fourier image.



Figure 5 shows the moduli of the Fourier images of the STF calculated at different values of Δνspan. It can be seen that with an insufficient value of Δνspan, the resolution deteriorates, which leads to the failure in resolution of close spectral components.



However, choosing a too large optical frequency scanning range Δνspan also has some disadvantages.



First, in our analysis, we deliberately assume that the output intensity of the laser, as well as the number of mode groups and their amplitudes, do not depend on the optical frequency. If the optical frequency scanning range is too large, these conditions may be violated. This situation has the following effect on the STF and the corresponding Fourier image. As noted earlier, the STF is a superposition of harmonic signals, each of which corresponds to a specific pair of mode groups. Obviously, the dependence of the laser output intensity and the number of mode groups and their amplitudes on the optical frequency leads to the fact that harmonic signals corresponding to pairs of mode groups are amplitude-modulated. This, in turn, leads to the appearance of additional spectral components in the Fourier image of the STF.



Secondly, in our theoretical analysis, we expand the propagation constants in the vicinity of a central frequency and confine ourselves to the linear term only. However, due to the presence of material dispersion in the MMF, the nonlinear terms may contribute markedly to the propagation constants. This leads to the fact that harmonic signals corresponding to pairs of mode groups are frequency-modulated. This also leads to the appearance of additional spectral components in the Fourier image.



The presence of additional spectral components in the Fourier image of the STF entails the following difficulties. Firstly, it complicates the interpretation of the Fourier image in terms of determining the correspondence between spectral components and corresponding pairs of modes. Secondly, a situation may occur where additional spectral components are superimposed on a spectral component corresponding to a pair of mode groups. This situation can lead to a nonlinearity of the IFISI response.



Thus, the choice of the optimal value of the optical frequency scanning range should be made taking into account all the above factors.



As mentioned above, the principle of the approach of Fourier analysis of IFISI signals is based on determining the argument of the spectral component corresponding to a certain pair of mode groups. It can be seen from Equation (4) that the Fourier image of the STF is the sum of complex terms in exponential form; therefore, finding the argument explicitly is a non-trivial task.



However, since Equation (4) contains the multipliers sin[π∙Δνspan∙(Δtki − Δt)]/[π∙Δνspan∙(Δtki − Δt)], it is obvious that for cases Δt = Δtki (that is, for spectral components corresponding to pairs of mode groups) Equation (4) can be brought to the form


  S (     Δ t     Δ t = Δ  t  ki     ) =  2   M 2  − M   ⋅  a k   a i  ⋅ exp   i   Δ  β  ki   (  ν 0  )   L + δ L   + Δ  φ  ki        



(5)







From Equation (5), the argument can be easily expressed as


  Φ (     Δ t     Δ t = Δ  t  ki     ) = Δ  β  ki   (  ν 0  ) δ L + Δ  β  ki   (  ν 0  ) L + Δ  φ  ki    



(6)




where the first term corresponds to a change in the phase difference between the k-th and i-th mode groups as a result of EFP, the second term corresponds to a constant phase shift over the MMF length, and the third term is a random phase shift occurring on local inhomogeneities of the MMF.



It can be seen from Equation (6) that the argument linearly depends on the EFP magnitude. In this case, the steepness of the dependence is determined by the difference in the propagation constants Δβki of the selected pair of mode groups. Figure 6 shows the dependence of the value of the Fourier image argument of the STF on the EFP magnitude for six pairs of mode groups.



It can be seen from Figure 6 that with an increase in the index difference in a pair of mode groups, the steepness of the characteristic increases. Accordingly, the steepness of the IFISI response to EFP depends on the selected pair of mode groups.



At the same time, for pairs of mode groups whose index differences are the same, the steepness is almost identical. This is due to the fact that in graded-index MMF, the dependence of the propagation constant value of the mode group on its index is close to linear [58].



It is important to note that the developed mathematical model makes it possible to determine such parameters of an IFISI as the number of excited mode groups, their relative amplitudes, and the delay times between the mode groups. This can be performed by comparing the experimentally obtained STF with the STF calculated in accordance with Equation (4). It was this approach that was applied to estimate the value of the refractive index profile parameter α of MMF used in the experiment.



Finally, this section presents a mathematical model describing the IFISI with Fourier analysis of its signals. It is shown that the proposed mathematical model makes it possible to analyze the IFISI, taking into account all its main parameters, such as the MMF parameters, optical frequency scanning parameters, and number of excited mode groups.



As a result of the calculations performed, it is shown that the mode group phase differences linearly depend on the EFP magnitude δL. Thus, based on this, it can be concluded that it is possible to obtain a linear response to EFP by applying the approach of determining the Fourier image argument of the STF of the IFISI.





3. Experimental Procedure


A measuring circuit based on the IFISI with Fourier analysis of its signals was implemented experimentally. This section presents the experimental results and their comparison with the results of calculations based on the mathematical model presented in the previous section.



3.1. Experimental Setup


The scheme of the experimental setup is shown in Figure 7.



A four-channel FBG NI PXIe 4844 interrogator (1) was used as a scanning light source and photodetector. The optical frequency was scanned according to the sawtooth law, and the scanning parameters are as follows: the scanning wavelength range is 20 nm (1550–1570 nm), which corresponds to the optical frequency band 2.5 THz, the scanning wavelength step is δλ = 4 pm (0.5 GHz), the scanning frequency is 10 cycles per second, the duration of one scan is τscan = 2.5 ms, and the optical power is 0.06 mW.



The choice of the optical frequency scanning range Δνspan is based on the considerations set out in Section 2.3. On the one hand, the value of Δνspan should be sufficient so that the STF contains a sufficient number of periods, which is a condition for obtaining a correct Fourier image. On the other hand, the choice of an excessive value of Δνspan may lead to the appearance of additional spectral components in the Fourier image (the reasons for the appearance of additional spectral components are discussed in detail in Section 2.3). As a result of our measurements, we found the compromise value for the optical frequency scanning range in our experimental setup to be Δνspan = 2.5 THz.



To isolate the input and output optical radiation, an optical circulator was installed in the circuit (2). Light was introduced into the MMF (Graded Index Corning 50/125 MMF with NA = 0.2 and length L = 40 m) (3) through an FC/PC connector (2). After passing the MMF, the light was spatially filtered by connecting the output end of the MMF and SMF using the FC/PC connector (5).



The main part of the MMF was wound on a cylindrical piezoceramic modulator with a diameter of 5 cm, used in the experimental scheme to implement an EFP on the MMF (MMF elongation according to the harmonic law with a frequency of 0.5 Hz and a magnitude from 0.1 to 220 μm). The EFP was obtained by applying a harmonic voltage with a specified amplitude to the modulator. In order to determine the dependence of the EFP magnitude on the voltage applied to the modulator, we calibrated the modulator using a Mach–Zehnder interferometer.



The choice of the frequency of EFP was made based on the following considerations. As mentioned earlier, the frequency of EFP should be less than the scanning frequency in accordance with the Nyquist criterion. Since the sampling frequency of the interrogator is 10 scans per second, we chose an EFP frequency of 0.5 Hz, which provides 20 scans for one period of EFP.




3.2. Experimental Results and Discussion


Figure 8 plots the experimental STF and the corresponding modulus of the Fourier image. Figure 8b also plots the modulus of the Fourier image calculated using Equation (4). The number of mode groups M and their amplitudes ak were selected based on the number of spectral components in the experimental Fourier image and their amplitudes, respectively. The remaining calculation parameters are known for the MMF used and are listed in Table 1.



The experimentally obtained modulus of the Fourier image is consistent with the modulus of the Fourier image calculated by Equation (4). It is seen that 4 mode groups are excited in the MMF.



It can be seen from Figure 8b that the scanning range Δνspan = 2.5 THz is insufficient to resolve the spectral components corresponding to the pairs of mode groups 1–2, 2–3, and 3–4; therefore, one spectral component with Δt = 4 ps corresponds to these pairs of mode groups.



Figure 9 shows the dependence of the magnitude of the spectral components on the laser linewidth Δνa. It can be seen that the results of the experiment are consistent with the results of the calculation using Equation (4).



The following are the results of measuring the EFP by Fourier analysis of IFISI signals. The sequence of steps was as follows:




	
Using a piezoceramic modulator, the MMF length was modulated according to the harmonic law (modulation frequency 0.5 Hz, magnitude from 0.1 to 220 μm).



	
Sets of 10 STFs per second were recorded using the interrogator. A fast Fourier transform (FFT) was performed on each STF in real time, the result of which was the Fourier image of the STF.



	
The phase change of the selected spectral component was determined (one of the 4 spectral components shown in Figure 8b). The value of the Fourier image argument for the selected spectral component was treated as the phase of the spectral component.



	
A phase unwrap algorithm was used to obtain the continuous phase dependence on the magnitude of the EFP.



	
The magnitude of the EFP was related to the magnitude of the phase change, so the phase change being the effect of the EFP can be considered as an IFI response.








Figure 10 shows the IFISI response obtained on the spectral component with Δt = 8.15 ps (a pair of mode groups with indices 1–3). It can be seen that the shape of the response at a large magnitude of the EFP corresponds to the shape of the EFP. In the case of an EFP with small magnitude, the shape of the response is noticeably distorted as a result of the influence of noise.



Figure 11 shows the experimentally obtained dependence of the Root Mean Square (RMS) value of the IFISI response on the EFP magnitude. It can be seen that the experimentally obtained dependence is in good agreement with the dependence obtained as a result of calculation by Equation (4).



It can be seen from Figure 11 that the approach of obtaining the IFISI response to EFP, based on Fourier analysis of IFISI signals, provides determination of EFP in a large dynamic range. In fact, the dynamic range is limited only by the intrinsic noise of the interrogator and inevitable optical noise.



To confirm this conclusion, these noises were estimated for all three spectral components (the RMS value of the phase change amplitude of the corresponding spectral component in the absence of EFP was adopted as the noise level). It can be seen that the magnitude of the IFISI response in the case of small EFP magnitude (at δL < 1 µm) corresponds to the noise level.



Thus, it can be seen that the method of determining the phase of the spectral component of the Fourier image of the STF allows us to obtain a linear response to EFP in a wide dynamic range.



We will now discuss the limitations of the dynamic range of the IFISI with Fourier analysis of its signals.



In the case of small EFP magnitudes, the linearity of the IFISI response is limited mainly by noise resulting from the influence of intrinsic noise of the interrogator and optical noise (mode noise, noise associated with the occurrence of a parasitic Fabry–Perot interferometer in FC/PC connectors, etc.).



Also, a necessary procedure for achieving a linear response in a wide dynamic range consists in the use of a phase unwrapping algorithm. Firstly, large-amplitude EFP can lead to a situation where the magnitude of the change in phase difference of the selected pair of mode groups caused by EFP exceeds 2π. This leads to phase discontinuities in the IFISI’s response, which need to be eliminated using a phase unwrapping algorithm. Secondly, if the initial phase difference of the selected pair of mode groups is close to π or −π, phase discontinuities can occur even if the magnitude of the phase difference change caused by EFP is less than 2π. To obtain a linear response in this case, it is necessary to apply a phase unwrapping algorithm as well.



Thus, in this section, we experimentally validated the results obtained in the theoretical section. We demonstrated that the IFISI’s STF contains information about the composition of the excited mode groups in the MMF. Therefore, the experimental measurement of the STF and the application of the developed mathematical model allow us to determine the number of mode groups, their relative amplitudes, and the delay times between the mode groups. We also measured the IFISI’s response to EFP (the MMF length modulation according to the harmonic law with a frequency of 0.5 Hz and a magnitude ranging from 0.1 to 220 µm) and compared the results with the calculations based on the developed mathematical model. As a result, our research has confirmed that the IFISI with Fourier analysis of its signals provides a linear response to EFP in a wide dynamic range.





4. Conclusions


This article presents the results of a theoretical and experimental study of the approach of applying Fourier analysis to IFISI signals to measure EFP. A mathematical model was developed that takes into account the main parameters of the IFISI (MMF parameters, optical frequency scanning parameters, and number of excited mode groups). Calculations of STFs and Fourier images for various parameters of the IFISI were carried out in order to identify the values of these parameters that ensure the optimal operation of the measuring circuit. It is also shown that the developed mathematical model makes it possible to determine such parameters of an intermodal fiber interferometer as the number of excited mode groups, their relative amplitudes, and the delay times between the mode groups.



The considered approach was implemented experimentally. It has been shown that this approach makes it possible to obtain a linear response to EFP in a wide dynamic range.



The results of the experiment were also compared with the results of calculations based on the developed mathematical model. The calculation results are consistent with the experimental results, which allows us to conclude that the proposed mathematical model is physically correct.



In this article, a method for implementing spectral interrogation of IFIs using a laser with optical frequency scanning is considered. However, spectral interrogation using a broadband light source and an optical spectrum analyzer can also be used to implement the approach of Fourier analysis of IFISI signals discussed in this article. It is notable that for this method of spectral interrogation, the mathematical model presented in this article is also applicable. It is important to note that for this variant of spectral interrogation, instead of the parameter characterizing the laser linewidth, it is necessary to use the parameter characterizing the width of the instrumental function of the optical spectrum analyzer. The remaining statements of the mathematical model are identical for both spectral interrogation methods.



The results of the present work incontestably prove that the IFISI-based EFP sensors enable a linear response over a wide dynamic range of external fiber perturbations.
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Figure 1. Illustration of the IFISI operating principle. (a) Schematic of an IFISI; (b) dependence of the MMF elongation value δL on time (EFP); (c) time sequence of optical frequency scans; (d) STFs obtained at δL = 0 µm, δL = 100 µm, and δL = 200 µm on an enlarged time scale; (e) the STFs obtained at δL = 0 µm, δL = 100 µm, and δL = 200 µm plotted on a single graph. The detuning of the optical frequency δν from the optical frequency ν0 is postponed along the abscissa axis. 
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Figure 2. (a–c) STFs calculated using Equation (2) for a different number of excited mode groups M. In graph (c), the STF shift as a result of EFP δL = 300 µm is additionally plotted. (d–f) The moduli of the Fourier images of the STF calculated using Equation (4) for a different number of excited mode groups M. For each spectral component, it is indicated which pair of mode groups it corresponds to. Calculation parameters: optical frequency scanning range Δνspan = 5 THz, other parameters according to Table 1. 
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Figure 3. STF obtained by scanning the optical frequency in the range Δνspan = 1 THz (a) and the moduli of the Fourier images of the STF obtained for the optical frequency scanning range Δνspan = 10 THz (b) for different refractive index profiles. Calculation parameters: MMF length L = 25 m, number of mode groups M = 3, other parameters according to Table 1. 
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Figure 4. The dependences of the magnitudes of the three spectral components of the modulus of the Fourier image on the laser linewidth Δνa. Above each curve, it is indicated which pair of mode groups it corresponds to. Calculation parameters: optical frequency scanning range Δνspan = 10 THz, number of mode groups M = 4, other parameters according to Table 1. 
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Figure 5. The moduli of the Fourier images of the STF calculated using Equation (4) for different optical frequency scanning ranges Δνspan, (a) Δνspan = 10 THz and (b) Δνspan = 2.5 THz. For each spectral component, it is indicated which pair of mode groups it corresponds to. Calculation parameters: the number of mode groups M = 4, the remaining parameters according to Table 1. 
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Figure 6. The dependence of the argument of the spectral component of the Fourier image on the magnitude of the EFP. For each line, it is indicated which pair of mode groups it corresponds to. Calculation parameters: optical frequency scanning range Δνspan = 10 THz, other parameters according to Table 1. 






Figure 6. The dependence of the argument of the spectral component of the Fourier image on the magnitude of the EFP. For each line, it is indicated which pair of mode groups it corresponds to. Calculation parameters: optical frequency scanning range Δνspan = 10 THz, other parameters according to Table 1.



[image: Photonics 11 00423 g006]







[image: Photonics 11 00423 g007] 





Figure 7. The scheme of the experimental setup: (1)—Interrogator NI PXIe 4844; (2)—Optical circulator; (3) and (5)—FC/PC connector; (4)—Piezoceramic modulator. 
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Figure 8. (a) The experimental STF obtained by scanning the optical frequency in the range Δνspan = 2.5 THz; (b) the modulus of Fourier images of the experimentally obtained STF and the modulus of Fourier images calculated by Equation (4). For each spectral component, it is indicated which pair of mode groups it corresponds to. Calculation parameters: optical frequency scanning range Δνspan = 2.5 THz, number of mode groups M = 4, other parameters according to Table 1. 
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Figure 9. Experimentally obtained (solid lines) and simulated (dotted lines) dependences of the magnitudes of the three spectral components of the Fourier image on the laser linewidth Δνa. Calculation parameters: optical frequency scanning range Δνspan = 2.5 THz, number of mode groups M = 4, other parameters according to Table 1. 
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Figure 10. The IFISI response (phase change of the spectral component with Δt = 8.15 ps) obtained for two different EFP magnitudes. 
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Figure 11. The experimentally obtained dependence of the RMS value of the IFISI response on the EFP magnitude (dots) and the dependence obtained as a result of calculation using Equation (4) (solid lines). The dotted lines indicate the noise level, which was defined as the RMS value of the phase change amplitude of the corresponding spectral component in the absence of EFP. Calculation parameters: optical frequency scanning range Δνspan = 2.5 THz, number of mode groups M = 4, other parameters according to Table 1. 
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Table 1. Laser and MMF parameters used in calculations.
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	Optical frequency ν0 (THz)
	193.41



	Laser linewidth Δνa (GHz)
	0.5



	Fiber core radius a (µm)
	25



	Refractive index at the core axis n
	1.48



	Relative difference of refractive indices Δ
	0.01



	Profile parameter α
	2.065



	Material dispersion parameter δ
	0.001



	MMF length L (m)
	40
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