

  sensors-21-07318




sensors-21-07318







Sensors 2021, 21(21), 7318; doi:10.3390/s21217318




Article



Design and Manufacturing Optoelectronic Sensors for the Measurement of Refractive Index Changes under Unknown Polarization State



Damian Harasim 1[image: Orcid], Piotr Kisała 1,*[image: Orcid], Bakhyt Yeraliyeva 2 and Janusz Mroczka 3





1



Department of Electronics and Information Technology, Lublin University of Technology, 20-618 Lublin, Poland






2



Department of Information Systems, M.Kh. Dulaty Taraz Regional University, Taraz 080000, Kazakhstan






3



Department of Electronic and Photonic Metrology, Wroclaw University of Technology, 50-317 Wroclaw, Poland









*



Correspondence: p.kisala@pollub.pl; Tel.: +48-81-538-4313







Academic Editor: Vittorio M. N. Passaro



Received: 24 September 2021 / Accepted: 1 November 2021 / Published: 3 November 2021



Abstract

:

This article proposes a new method for detecting slight refractive index changes under conditions of unknown polarization state. It is argued that an insignificant modification of the tilted fiber Bragg grating (TFBG) structure and selecting the appropriate spectral region allows us to accurately track changes in the refractive index. It has also been proven that the method can be easily made insensitive to temperature and that the sensitivity to changes in the polarization plane of the input light can be significantly reduced, which is crucial in later practical applications. Analytes in the form of an aqueous glucose solution were used to calibrate the sensor. The proposed method, based on perpendicular tilted fiber Bragg grating (P-TFBG), has a wide range of universality because its development and slight modification will enable the detection of glucose, pathogens, and viruses.
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1. Introduction


Optical methods are becoming increasingly important in the detection of many physical and chemical quantities [1,2]. This is undoubtedly due to the dynamic advances in optical techniques [3,4,5], which include specialties such as spectroscopic and imaging techniques. Among many, the most promising seem to be high-resolution microscopy techniques [6,7], surface plasmon resonance [8,9,10], Fourier transform infrared spectroscopy [11], near-infrared spectroscopy [12], light emission caused by electronic relaxation techniques (fluorescence) [13,14,15,16], and Raman spectroscopy [17,18].



Advances in the miniaturization of light sources such as superluminescent diodes (SLEDs) or tunable lasers enable the construction of compact photonic measurement systems and the development of new measurement methods. Photonics-based tools are becoming increasingly popular in photonics, especially in the area of pathogen detection [19]. Very promising detection methods include the use of photonic periodic structures located in the core of an optical fiber. The simplest examples of such photonic structures are uniform Bragg gratings [20]. The first modified fiber Bragg grating (FBG) sensor that directly detects the refractive index changes in pathogen detection through patient saliva was proposed by Samavati et al. [21]. It is a highly sensitive FBG optical fiber sensor designed to detect the COVID-19 virus accurately with the capability to act as a remote device. However, this solution requires an additional Au nanolayer to be applied in the region where the FBG element is written. On the other hand, in 2020, F. Esposito et al. proposed a real-time method for the detection of the refractive index in virus detection using long period gratings (LPG) [22]. This solution requires LPG to be fabricated in a W-type double cladding optical fiber. To provide proper sensitivity, the outer cladding diameter of the fiber must be modified, which requires additional technological treatment. Udos et al. demonstrated a biosensor based on the surface plasmon resonance tilted fiber Bragg grating (SPR-TFBG) for the detection of the refractive index in order to detect enterovirus A71 [23]. In this case, it is required to cover the TFBG optical fiber with a layer of gold to obtain an SPR effect. This effect can also be caused by the use of metallic layers other than gold. In some cases, for resonances close to the guided mode cut off (i.e., the wavelength at which resonances are no longer guided by the cladding-surrounding medium interface), the S and P resonances of a normal TFBG overlap [24,25].



The polarization state of the input light affects the optical performance of TFBG structures. The twisting of the already tilted refractive index modulation causes a decrease in the sensitivity of such a structure to the rotation angle of the input light polarization. Optical fibers and conventional, homogeneous periodic fiber structures written on them are not sensitive to changes in the polarization of the input light because they are cylindrically symmetric. Such symmetry is their important advantage because there is no need to use polarized light when measuring signals coming from such structures (e.g., in an interrogator system). There is also no need to control the polarization across the optical path (e.g., by using polarization-maintaining fibers) [26,27,28]. An optical fiber under certain conditions may become sensitive to the position of the polarization plane of the input light. As already mentioned, the most common cause of polarization sensitivity is the disruption of its cylindrical symmetry. It should be noted here that TFBG structures are formed by tilting the axis of refractive index changes with respect to the normal axis of the optical fiber. It is precisely the disruption of such cylindrical symmetry. After inscribing such a structure, the optical fiber loses cylindrical symmetry and becomes sensitive to the polarization of the input light. The light entering such a structure is coupled both to a back-propagating core mode and to several modes propagating in the cladding in a direction consistent with the propagation direction of the input light.



TFBG structures are already known to have many applications as sensors of physical quantities [29,30] and biosensors [31,32], for example, for cancer diagnosis using epithelial growth factor receptor as the biomarker [33,34]. Most often, such periodic structures can be used as sensors only after appropriate preparation of the surface of the fiber in which they are inscribed. This requires specific substances to be sputtered onto the optical fiber cladding surface, for example, lutetium bisphthalocyanines for nitrogen dioxide measurement [35], a gold layer for bacterial density monitoring [36], graphene oxide for relative humidity measurement [37], polyvinyl alcohol for relative humidity sensing [38], graphene oxide and staphylococcal protein A for human IgG detection [39], magnetic fluid for magnetic field measurements [40], Au nanoparticles for mercury ion detection [41], and indium tin oxide for vector twist measurement [42]. Refractometers using TFBGs are also a separate group [43,44,45,46]. However, all proposed RI change sensors using TFBGs are inherently sensitive to changes in the state of the input light polarization plane. This requires knowledge of the input light polarization and its control. Alternatively, as is done in most cases, tests are performed for a given orientation of the polarization without careful analysis of its position, which is cumbersome and contributes to measurement errors for very precise measurements.



If polarized light is introduced into the optical fiber with an inscribed TFBG structure, the spectrum in the range of cladding modes will change, depending on the rotation angle of the polarization of the light. The effect of the polarization rotation angle on the spectral characteristics of TFBG structures can be used to measure the rotation angle and twist [47]. Measurements of many physical quantities require great care and control of the polarization state of the input light, which improves the sensitivity of measurements such as refractometry [48]. However, if the polarization state is not controlled, it will greatly affect the accuracy of the refractometric measurements. One way to reduce the influence of variations in the polarization angle of the input light during measurements is to use unpolarized light. Another way is to precisely control the rotation angle of the input light polarization, which is difficult to do in practice. In this paper, a method was introduced to minimize the effect of changing the input light polarization angle on the spectral characteristics of sensors based on TFBG structures. The method of minimizing the effect of changes in polarization consists of the fabrication of a new TFBG structure, which is insensitive to the change in light polarization.



In our work, we propose to take advantage of the modification of the uniform FBG structure by slightly tilting its diffraction planes as well as performing a twist within the structure itself. In this way, so-called twisted tilted fiber Bragg gratings (TTFBG) are obtained [49]. By twisting the structure of the whole TTFBG, a significant reduction in the sensitivity to the input light polarization angle is obtained. Additionally, this effect can be enhanced by using two TFBG structures rotated with respect to each other by a certain angle. For this kind of combination, we propose the perpendicular tilted fiber Bragg grating named P-TFBG. This is of great importance in practical applications where changes in the plane of polarization of light entering the structure can vary. This affects the optical spectrum of light propagating through such a structure. In this paper, we report the results of using these new T-TFBG and P-TFBG structures to measure the refractive index.




2. Materials, Instruments and Methods


2.1. Principle of FBG and TFBG Sensing Mechanism


Mechanism of using FBG as a sensor for the refractive index changes caused by (e.g., pathogens) is shown in Figure 1a. When FBG is immersed in analyte, a response in the form of a Bragg wavelength shift occurs, which is caused by a change in the refractive index [50].



Conventional FBG has very low sensitivity to changes in the surrounding medium RI because the grating structure is inscribed in the core of the fiber and the cladding provides an additional obstacle/barrier to the interaction of light propagating through the FBG perturbated core with the medium surrounding the outside border of the fiber. Therefore, etching of a portion of the fiber is often used to allow the analyte the best access to the fiber core [51,52]. Additionally, hydrofluoric acid (HF) is used to etch the fiber cladding at the position of the Bragg grating, which intensifies the evanescent field interacting with the ambient surroundings of the fiber [53]. In some applications of FBGs (e.g., as biosensors), a certain part of the core must also be etched [54].



In our work, we propose that the diffraction planes of the periodic Bragg structure are tilted gently at a certain angle. In this way, we cause some light to start propagating through the cladding and at the cladding-surrounding medium boundary itself (Figure 1b). In this way, no etching of the cladding is needed because the cladding itself is the light carrier and its contact with the surrounding medium causes a conversion of the spectral signal of the optical periodic structure.



Therefore, in our work, we propose an additional procedure in the form of twisting the diffraction planes of the TFBG. Such a structure was first proposed in [49]. On the other hand, we also proposed the creation of a P-TFBG that is based on inscribing two TFBGs twisted with respect to each other by a certain angle. These two solutions make it possible to perform accurate RIU measurements independently from the input light polarization angle. To our knowledge, this is the first work using this type of structure for precise measurements of refractive index changes.




2.2. Sensor Fabrication Method


In this paper, an attempt was made to fabricate a TFBG structure that will be insensitive or have minimized sensitivity to changes in light polarization. However, as mentioned earlier, simply twisting the structure is not an optimal solution. The change in the amplitude of the transmission dips, related to the cladding-coupled modes, is smaller, and the twist angle of the TFBG structure is larger [49]. To achieve a reduction in polarization sensitivity, it is necessary to induce a twist on an existing TFBG element. This, in turn, requires the use of systems for setting and precise control of the twist angle of the optical fiber. To this end, a method has been used to produce structures that will already be twisted by themselves by a specific angle.



Figure 2 shows the method of manufacturing such structures. The method was then applied to produce actual TFBG structures, which, additionally, due to their twist, were marked with the symbol TTFBG.



In addition to tilting the refractive index, modulations will be twisted along its length by a certain angle ϕ, according to Figure 3.



Standard single-mode fibers on which TTFBG structures will be inscribed or doped in the core with germanium dioxide GeO2 at a level of 3%. It is sufficient to obtain refractive index changes only at a level of 10−5. To increase the level of refractive index changes in the core, the level of doping must be increased several times, which is technologically complicated. All structures described in this paper were fabricated by photosensitizing optical fibers in a hydrogen atmosphere. The Bragg gratings used were inscribed on fibers hydrogenated for a period of seven days at a pressure of 200 bar and a temperature of 23 °C. This process allowed for the diffusion of hydrogen atoms into the core of the optical fiber, thus sensitizing it to light in the UV range. As a result, refractive index changes of 10−2 were achieved.



All the described structures with tilted refractive index modulations have one feature in common, which imposes certain limitations in detection systems. Thus, if polarized light is introduced into the fiber with TFBG, the transmission corresponding to the selected cladding modes will change, depending on the polarization state of this light. The influence of the input light polarization on the spectrum of TFBG structures thus determines the need to control the state (e.g., the angle) of the polarization plane. Therefore, the research leading to a reduction or elimination in the influence of the input light polarization angle on the optical parameters (e.g., the shape of transmission characteristics) of tilted periodic structures is justified.



It should also be noted that on a mechanically twisted fiber, the TFBG structure is actually formed. The next stage is therefore the release, the so-called relaxation of the fiber. As twisting takes place within the elastic limits of the fiber, the release of the twisting moment causes the fiber to return to its untwisted state. In turn, this causes the TFBG structure that was written on the twisted fiber to transform into a TTFBG structure as a result of fiber relaxation.



In the TFBG structure, the property of splitting the mode into two separate transmission dips, understood as extremes in the spectral characteristics, for two polarizations is possessed by asymmetric modes LP1m. The mode splitting is the effect of inclination of the plane of refractive index change in the optical fiber core. The polarized light introduced into the optical fiber, depending on its orientation in relation to the tilted grating planes, causes changes in the amplitudes of the divided mode spectral characteristics. This effect is called dual-peak transmission. This property can be used for rotation, twist, and bending measurements [47,55,56]. The two resulting orthogonal polarization states are referred to as P and S, with the P-polarized state defining linearly polarized light propagating in the plane formed by the y–z axes (i.e., in the plane in which the reflecting surfaces are inclined, i.e., tilt planes). On the other hand, the S-polarized state defines linearly polarized light, which propagates perpendicularly to this plane [57,58]. The spatial orientation of both states is shown in Figure 4.



The difference between the wavelengths of the S and P resonances is larger for higher-order modes. At the same time, this difference is larger for gratings with larger angles of the reflecting planes [59]. Increasing the distance between adjacent symmetric LP0m and asymmetric LP1m modes is possible by decreasing the diameter of the optical fiber core on which the TFBG is inscribed [60]. TFBGs written on multimode fibers, the so-called multimode fiber tilted Bragg gratings, have larger core diameters, which results in completely different spectral changes under polarization state changes [61]. A detailed analysis of the properties of the structure under polarization change in the context of the change in spectral parameters corresponding to the cladding modes is presented in [24].



For the aim of this work, the TFBG was fabricated with a period Λ = 525 nm and θ = 5° to exhibit coupling up to 30 modes, as depicted in Figure 5. This figure shows the successive stages of the process of minima formation on the transmission characteristics of the optical fiber twisted by 180° during TFBG manufacturing. The structure, the characteristics of which are presented in Figure 2 and Figure 3, was inscribed with a Coherent Inc. laser operating at a power of 100 mJ and a repetition rate of 100 Hz. An increase in the fiber exposure time caused an increase in the individual minimum on the transmission spectral characteristics, which is caused by an increasingly stronger coupling of light to the cladding modes. The manufacturing time of the whole structure on the twisted fiber was 48 s.





3. Results and Discussion


3.1. Polarization Insensibilization Results


First, to demonstrate the effect of the twisting of the structure on the dependence of its transmission spectrum on the polarization of the input light in the first step, we performed a study in which the TFBG was twisted with a known angle ϕ. A TFBG structure with a tilted angle θ = 5 was fabricated for the study. The transmission characteristics of the whole structure without induced twist are shown in Figure 6.



The spectral evolution due to changes in the polarization angle for the untwisted structure (ϕ = 0°) and twisted with angle ϕ = 45° and ϕ = 90° in the spectral range 1530–1544 nm are summarized in Figure 7. The three spectral characteristics were measured for three different values of the input light polarization angle. P-type polarization rotated by an angle of 45° (which corresponded to S|P-type, and polarization rotated by 90°, which corresponded to S-type).



Since in our work we proposed the use of a structure composed of modified TFBG structures for the detection of subtle changes in refractive index, it is important to eliminate the main factors causing additional changes in the spectral characteristics of such Bragg structures.



To estimate the sensitivity of TFBG (not TTFBG and not P-TFBG) to changes in refractive index values, we created a structure with an angle θ = 7 and then investigated how selected dips that are part of the TFBG spectrum responded to changes in the RI of the medium. To do this, we produced an aqueous glucose solution, and by controlling the mass of the whole solution and the mass of the glucose, we determined the exact refractive index value. Figure 8 shows the spectral range corresponding to the wavelengths of the selected TFBG peak that, with a tilt angle θ = 7, responded most strongly to changes in RIU.



A 1% change in glucose concentration induced a change in refractive index of 0.0015 RIU. In this first test, we did not define sensitivity as the ratio of change in optical power to change in RIU because the value of the signal power depends on how strongly we excite the fiber (i.e., what the input power is).



This will be different for a laser diode (@1550 nm) and different tunable laser (approximately @1550 nm). Therefore, for the rest of the paper, we switched to a change in transmission instead of a change in power. In our preliminary measurements, a change in RIU on the order of 10−6 resulted in a change in the transmission coefficient of 88.88·10−6, which corresponds to an average sensitivity across the range of 88.88/RIU. For example, if one were to introduce a signal from a light source into such a sensor, which for this wavelength gives a power equal to 100 W, then the power difference with the given RIU change would be 8.88 nW/10−6 RIU. Changing the concentration of glucose from 6% to 7% resulted in a change in RI from 1.3418 to 1.3433, obtaining a difference in RIU of 0.0015. For example, changing the power of the selected peak from 19.8 nW to 26 nW when the maximum value was 45 nm (the change in t in this case is from 0 to 1) will result in a change in t from a value of 0.44 to a value of 0.58, showing a difference of Δt = 0.133.



The first study of the effect of the rotation angle of input light polarization on the spectral characteristics was performed for TTFBG structures with a rotation angle of 90°. Measurements were performed for three input light polarization states: P, S|P, and S. For comparison, analogous measurements were also performed for the TFBG structure twisted by the same angle of 90°. The measurement results are presented in Figure 9.



The changes in the TFBG and TTFBG spectra have the same characteristics. The effect of minimizing the sensitivity to a change in the angle of rotation of the input light polarization can be obtained by twisting the TFBG structure for the duration of the measurements.



The same effect can also be obtained by using a TTFBG structure with the same twist angle as the TFBG. It should also be noted here that, in contrast to the publications on the use of TFBGs, in TTFBG-based twist sensors, only the twist of the tilted structure itself is analyzed and not, for example, the twist of the polarization-maintaining optical fiber and the grating. Although twisted structures are known for long-period gratings [62], the TTFBGs described in this section are one of the first presentations of twisted tilted fiber Bragg gratings.



The fabricated TTFBGs were then subjected to spectral studies under different polarization conditions. To determine the degree of twist of the structure, appropriate angular markers were introduced between which the twist angle ϕ was measured. The following structures were investigated: TFBG (TTFBG ϕ = 0°), TTFBG ϕ = 45°, TTFBG ϕ = 90°, and TTFBG ϕ = 180°. All inscribed gratings had a refractive index modulation angle of θ = 5°. The results of measurements for two spectral ranges, full (a) and narrowed for selected cladding modes (b), are summarized in Figure 10. The direct effect of twisting the structure is to reduce the variation in the transmission coefficient for individual cladding modes with changes in input light polarization.



The graphs shown in Figure 11 refer to the variation in the transmission coefficient value of the selected cladding mode. The graphs were obtained by numerical calculation by dividing the structure into 50 elements. Each such element was assigned an appropriate transmission spectrum. Figure 12 shows the changes in P-mode and S-mode transmission due to changes in the polarization state of the introduced light for a TFBG structure. A TTFBG structure twisted along its length by 45°, 90°, and 180°. For comparison, all structures had the same length L = 10 mm.



To illustrate the dependence of the spectrum on the polarization twist, the diagrams in Figure 11 show the transmission coefficients for the minimum coming from a selected mode. The most important stage of numerical calculations is to determine the transmission coefficient of a uniform, non-tilted grating Tϕ(α) for each polarization state represented by the angle α of linearly polarized light. The power transmission coefficient is defined as the ratio between the output and input powers. Such transmission was determined using measurements made for a conventional untwisted TFBG structure of 1 cm in length and an θ angle equal to 5°. The transmission of a twisted grating was determined as the product of the transmission of 50 homogeneous TFBG structures of 1/50 cm in length. In this case, the elementary transmission coefficient of a homogeneous TFBG structure will be defined by Equation (1):


   T ϕ   α  =   T  α    50    



(1)







Accordingly, the transmission coefficient of a grating twisted by an angle equal to 90° will be determined by Equation (2):


   T  0 − 90    α  =  T ϕ   α  ⋅  T ϕ    α +  1  50   90 °   ⋅  T ϕ    α +  2  50   90 °   ⋅ … ⋅  T ϕ    α +   49   50   90 °   ,  



(2)




whereas in the case of a structure twisted by an angle equal to 180°, its transmission coefficient was determined using Equation (3):


   T  0 − 180    α  =  T ϕ   α  ⋅  T ϕ    α +  1  50   180 °   ⋅  T ϕ    α +  2  50   180 °   ⋅ … ⋅  T ϕ    α +   49   50   180 °   .  



(3)







When the grating was twisted by an angle ϕ = 180°, the individual elementary gratings were twisted by angles 0°, 180°/50, 2 180°/50, 3 180°/50, 4 180°/50…, 49 180°/50. Figure 12 shows the results of numerical calculations of the transmission coefficient performed for the minimum obtained from the selected cladding mode.



For the untwisted structure, the shape of the modal transmission variations was asymmetric. Therefore, both the direction of polarization rotation and the direction of twist of such a grating cannot be determined from its spectral characteristics. In the case of a structure for which ϕ = 45° when the rotation angle of the polarization plane changes in the range from −22.5° to +22.5°, such discrimination is possible. The twist angle of such a structure can also be determined. A grating twisted by 180 degrees along its length does not show any sensitivity to polarization.



The effect of changes in the angle of rotation of the input light polarization on the transmission spectra in the range from 0° to 90° was significantly reduced when the twist angle of the TTFBG structure increased. To determine the effect of polarization on the sensor response, a parameter was determined in the form of the transmission sensitivity coefficient to a change in the polarization plane rotation angle in the range from 0° to 90°, which was defined by Equation (4) in the following form:


   K α t  =   Δ t   Δ  α  | 0 − 90 |      



(4)




where   Δ  α  | 0 − 90 |     specifies the change in the polarization plane angle in the range from 0° to 90°. Additional information about the decrease in sensitivity to the angle of rotation of the input light polarization plane is provided by a parameter taking into account the reference value of the transmission coefficient, in this case, the initial value. Therefore, the parameter determining the relative percentage change of the transmission coefficient on the polarization angle was defined and determined by the following relation, which specifies the change in the polarization plane angle in the range from 0° to 90°:


  δ  T ϕ  =      T  ϕ max   −  T  ϕ min      T  | 0        



(5)




where Tmax and Tmin denote the minimum and maximum values of the transmission coefficient of the TTFBG structure in the examined range of changes of polarization of the input light, respectively, and T|0 is the value of the transmission coefficient of the structure for the reference state, for which α = 0. The measurement results corresponding to the cases modeled in Figure 11 are shown in Figure 12.



The values of parameters determining the sensitivity of new TTFBG structures to polarization are summarized in Table 1. In the case of existing TFBG gratings, changing the angle of the plane of polarization from 0° to 90° significantly affects the light propagating through the structure, resulting in changes in the amplitude of the peaks originating from individual cladding modes.



This results in a change in the transmission coefficient of the structure. For a TFBG grating (i.e., one in which there is no twist (ϕ = 0°)), the parameter defining the relative change in the transmission coefficient value is at the level of δTϕ = 39% (with a range of transmission coefficient changes from 0.546 to 0.895). This corresponds to a structure polarization sensitivity factor of 3.9 × 10−3 1/°. The TTFBG structure whose twist angle is 45° is already clearly less sensitive to polarization than TFBG. The relative value of the change in the transmission coefficient of TTFBG θ = 5°, ϕ = 45° is already only 23.76%, which results in a decrease in the polarization sensitivity factor to a value of 2.1 × 10−3 1/°. An increase in the twist angle of the TTFBG ϕ causes a further decrease in the value of the transmission coefficient with changing polarization of the input light. For TTFBG θ = 5°, ϕ = 45° the parameter δTϕ = 2.78%, determining that the percentage change of the transmission coefficient is more than 14 times smaller than for TFBG structures. Additionally, the transmission sensitivity coefficient to a change in the polarization plane rotation angle for such a structure undergoes a significant (17-fold in comparison with TFBG structures) decrease to the value of KαT = 0.2 × 10−3 1/°. However, it should be noted that as the angle increases, the minima of the spectral characteristics of the TTFBG, corresponding to individual cladding modes, also decrease. This should be taken into account in measuring systems using this type of structure as transducers of RI changes caused, for example, by the presence of pathogens. For this reason, in the following section, we proposed simplifying such a system into two TFBGs rotated with respect to each other by an angle of 90°. This approach eliminates the significant decrease in the height of an individual minimum on the transmission spectral characteristics. We named this arrangement P-TFBG (perpendicular TFBG) and present its idea in Figure 13.



The angle by which the two TFBG structures were twisted with respect to each other was 90°, but to show precisely how this angle was defined, it is marked in Figure 15 as γ. To define it, we determined planes perpendicular to the diffraction patterns of the TFBG. Since these are planes with the same spatial orientation with respect to each TFBG, the angle between these planes will also be γ. We present the idea of determining this angle in Figure 14.



Figure 15 summarizes the spectral characteristics of the TFBG and P-TFBG structures, all having angles θ = 5°, measured in air, without contact with the aqueous solution. We performed the measurements for the three polarization states S, P, and S|P, as labeled in Section 3. A strong change in the response of the spectrum to a change in polarization was evident. To illustrate this effect, we present a selected section of the spectrum in the inset of Figure 16.



For comparison, Figure 16 collects together analogous characteristics, but already obtained from measurements in which TFBG and P-TFBG structures were immersed in glucose aqueous solution, whose refractive index was 1.3471.



All the structures in Figure 17 had angles q = 5°. In summary, it can be concluded that the presented experimental results demonstrate the possibility of reducing the polarization sensitivity of TTFBGs compared to the TFBG structures currently used, especially when measuring refractive index changes. This section presents the structures of tilted Bragg gratings, which are formed by twisting the optical fiber during the recording process with UV light. The twist present in the TTFBG structure results in a reduction in its sensitivity to the polarization of the input light. Theoretically, in the case of a conventional, symmetrical TTFBG structure twisted by an angle equal to 180° it becomes completely insensitive to the influence of polarization. In practice, however, a slight sensitivity to light polarization also occurs in TTFBG structures, as demonstrated by the analysis of the experimental results presented in this chapter. The reason for this phenomenon is the nonuniform shape of the excimer laser power distribution along the length of the optical fiber section on which the entire TTFBG structure is written. It was also shown that an array of two parallel P-TFBG structures had a reduced polarization sensitivity. To be able to compare TTFBG and P-TFBG structures, we produced them on the basis of the same TFBG structures (i.e., having the same length L = 12 mm and angle of inclination of diffraction planes q = 5°). The advantages of P-TFBG over TTFBG were even more apparent when immersed in solution, which is particularly evident when comparing Figure 15 and Figure 16. In solution, the sensitivity of P-TFBG to the polarization of the input light decreases even more. In the remainder of this paper, we have shown that the P-TFBG system can still be optimized, as the q angle affects the sensitivity of individual peaks on the transmission characteristic to polarization. We have intentionally included these results later in the paper after analyzing the coefficient changes in the third telecommunication window because the structures produced will be adapted to the results reported in this chapter.




3.2. Mode Preselection


In this section, we prove that the proper selection of the mode and the associated minimum on the transmission spectral characteristics is crucial for P-TFBG structures. During the analysis of the different spectral ranges, we noticed that it is possible to improve the sensitivity of the power variations coupled to the individual modes of the P-TFBG structure by changing the angle of the diffraction planes of the two TFBG gratings that make up the P-TFBG array. In Figure 17, we present the comb-like resonances of the P-TFBG system for different tilt angles of the TFBG planes, with the indication of those modes that react most strongly to a change in the refractive index in the range from 1.3461 to 1.3471.



The preliminary analysis of the spectra of the structures allows us to conclude that they differ significantly in their response to the refractive index sweep. In Figure 18, we have indicated that the strongest reaction modes were @1536 nm for P-TFPB 5°, @1500.06 nm for P-TFPB 6°, and @1541 nm for P-TFPB 7°. The strongest dependence of the transmission coefficient for the central wavelength of the cladding mode is characterized by the structure with P-TFBG 7°.



As seen above, the greatest change in the value of the transmission coefficient was obtained for a grating θ = 7°. Additionally, it can be observed that the cladding modes that responded with the strongest changes in the transmission coefficient had a greater amplitude in the case of the TFBG 7° structure than in the cases of TFBG 5° and TFBG 6°.



Figure 19 shows the evolution of the spectrum with refractive index changes varying by 0.0001. We have deliberately not shown the specific refractive index values in the legend, as this is not relevant for this figure.



Indeed, the specific values and the proof of the monotonicity of the changes are presented in Figure 20, which already showed that selected cladding modes had the highest sensitivity to refractive index changes. It is worth noting that the preselection of modes is crucial in the case of P-TFBG.



This is because the individual modes differ significantly in their sensitivity to changes in surrounding RI. Note also that only the value of the mode amplitude changes due to RI changes because the sign of the sensitivity coefficient does not change. This is because the amplitude change of mode @1538.5 nm had the same sign as that of modes @1539.8 and @1541.05 nm.




3.3. Refractive Index of Glucose Solution Measurements


It was determined that the estimated value of the refractive index for medical applications for the wavelength intervals in which the cladding modes of the fabricated structures are located is in the range of 1.346–1.347. Using the notation method presented in Figure 2, we fabricated P-TFBG structures presented in Figure 13, characterized by the known position of the cladding modes. Knowing the spectral range of the P-TFBG comb, we created standard solutions using glucose. These solutions had a well-defined refractive index determined by temperature and the percentage of glucose in water. We then placed the P-TFBG structure in these solutions and determined, from the spectra obtained from the measurements, which cladding modes had the highest sensitivity. For this purpose, we determined the transmission sensitivity coefficient of a given mode to a change in refractive index. In this paper, we called this part of the spectral study modal preselection.



In the introduction to this section, we present the effect of changes in the plane of polarization of the input light on the change in the transmission coefficient of TFBG 7 and the analogous P-TFBG 7° system. As we presented in Section 3, when measuring very small changes in refractive index, it is very important to eliminate other factors interfering with the signal as much as possible. Such a factor is undoubtedly polarization, the knowledge and control of which in real measurement systems causes many technical problems. Therefore, it is important to develop a sensor that, as a rule, will be less sensitive to changes in polarization. The spectral characteristics of TFBG and P-TFBG structures (all having angles θ = 7°), measured in air and in a glucose aqueous solution, for the selected spectral range described in Section 4 on modal preselection are summarized below. We performed the measurements for the three polarization states S, P, and S|P, as indicated in Section 3. The TFBG and P-TFBG structures were immersed in an aqueous solution of glucose with a refractive index of 1.3471.



A strong change in the spectral response to a change in polarization for both structures could be seen. One way to demonstrate the sensitivity of individual structures to polarization is to plot histograms for individual cases of TFBG and P-TFBG placed in air and in glucose solution. The histograms for the three polarization states in Figure 21 show that the TFBG structures had the largest differences in transmission coefficient values. To present the phenomenon of structural parameter change more precisely, Figure 21a–d also have a narrowed region contained in the range from 0.1–0.6 because polarization changes mainly influence the change in the transmission coefficient of structures most strongly in this range.



The greater the coverage of the histograms in Figure 21, the greater the insensitivity of the sensor to changes in the input light polarization. By analyzing Figure 21, it can be seen that the P-TFBG structures were the least sensitive to changes in polarization. For both polarization changes introduced to the P-TFBG sensor in air and in solution, the changes in its transmission coefficient were significantly smaller than for a TFBG structure with the same input light parameters. The response of the entire spectrum to changes in polarization, already for the selected structures, is shown in Figure 22, which includes the four cases discussed, already selected after the section on modal preselection. One can see a decrease in the amplitude of higher-order modes due to changes in the refractive index. Measurements presented in Figure 23b,d and Figure 24b,d were performed by immersing TFBG (b) and P-TFBG (d) sensors in aqueous solutions of glucose with a refractive index equal to 1.3471.



Figure 23 summarizes the most significant results from the application point of view. Figure 23a shows the spectral characteristics for the three polarizations P, S, and S|P for the TFBG structure placed in air. Analogous characteristics except for the TFBG structure placed in a glucose aqueous solution were measured in Figure 23b. Figure 23c shows the results of the spectral measurements for the P-TFBG structure in air, while Figure 23d shows the results of analogous spectral measurements for the P-TFBG system placed in a glucose aqueous solution. Significant changes and sensitivity of the spectral characteristics to the change in polarization can be seen. Comparing Figure 23a with Figure 23c and Figure 23b with Figure 23d, there is a clear reduction in the sensitivity of P-TFBG structures to changes in the polarization of the input light. After minimizing the effect of changes in this polarization, we performed refractive index measurements. The change in RI corresponded to changes that are induced, for example, by pathogens in the form of viruses. However, this required the development of a method that eliminates the sensitivity of the sensor signal to factors other than refractive index.



As shown in Section 3.3, the strongest dependence of the transmission coefficient for the central wavelength of the cladding mode was characterized by the structure with P-TFBG 7, in which the cladding modes @1539.8 nm and @1541.05 nm had the highest sensitivity to changes in RI (Figure 20 and Figure 21).



Spectral measurements of the P-TFBG characteristics were performed for a number of different solutions differing in RI value. Figure 24 shows the measurement system including the schematic diagram of the system and the stand with prepared glucose solutions with a strictly defined refractive index.



A change in the refractive index in the range from 1.344015 to 1.34672 caused noticeable and measurable changes in the spectral characteristics of P-TFBG structures. Transmission spectra were measured for SRI obtained with glucose solutions, which were vaporizing and constantly weighed on an electronic scale. To avoid any heterogeneity of concentration, the analytes were stirred. Table 2 contains a concentration of glucose and the corresponding refractive indices of analytes in which the P-TFBG structure was immersed.



The transmission coefficient of a particular mode was changed, causing a change in the height of the peak on the transmission spectral characteristic corresponding to this mode. Note also that the wavelength corresponding to the minimum value of the transmission coefficient for a given mode was also slightly changed (Figure 25). For measurements of very small changes in the refractive index, however, measurements of the minimum spectral characteristic should be recommended. The shift in this minimum can also be caused by a change in temperature.



In principle, a change in temperature does not cause a change in the transmission coefficient for individual modes. As a result of its changes, the whole TFBG spectrum is shifted, and consequently, P-TFBG is also shifted.



Figure 26 illustrates the two discussed methods of performing indirect refractive index measurements. Mode @1541.05 nm was chosen for the analysis. We called this the spectral line method and the method of tracking the minimum on a spectral characteristic and determining the transmission coefficient corresponding to the minimum on such a characteristic.



The values of the transmission coefficient corresponding to varying values of the refractive index were different for the two methods. However, this is not very important because for both methods, the measurement is unambiguous, and the sensor and the whole measurement system can be calibrated in such a way that both the spectral line method and the minimum tracking method can be measured correctly.



To investigate the sensitivity of the proposed sensor to changes in refractive index, we present the processing characteristics for the selected two modes in Figure 27, marking the values of the sensitivity coefficient on them. In this paper, we proposed two methods for determining the refractive index, which were not much different from each other but important in the subsequent implementation. The RI can be determined from changes in the value of the transmission coefficient for a given single (fixed) wavelength. The study was carried out for two selected cladding modes of the P-TFBG structure @1539.8 nm and @1541.05 nm. As seen, the choice of the indirect measurement method affected the measured parameter of the spectrum (i.e., the value of the transmission coefficient of the structure0, but on the other hand, it can be seen that both in the case of the spectral line method and the minimum tracking method, the processing characteristics of the sensor were monotonic. They provide the possibility to unambiguously determine the measured refractive index. Characteristically, when the minimum tracking method is used, the processing characteristics are nearly linear, which is a desirable feature for many measurement systems. The maximum difference in transmission coefficient measurement for both methods was tmax = 0.0016 in the case of mode n containing from and 0.0034 in the case of mode @1541.05 nm, which did not seem to be a significant quantity, especially when the range of transmission coefficient variations for mode @1539. 8 nm was in the range from 0.201 to 0.278, while in the case of the @1541.05 nm mode, it was in the range from 0.061 to 0.099. It is also characteristic that the choice of the mode of the P-TFBG structure determines the obtained differences in t-measurements by the two methods (spectral line and minimum tracking).



For comparison, in Figure 28, we show the conversion characteristics of the input light polarization changes on the transmission coefficient of the same modes that were chosen for the RI change measurements. The measurements were made by varying the input light polarization angle from 0° to 90° using only the minimum tracking method. To denote the three specific polarization states, they were labeled S, S|P, and P in the paper, while in the case of tracking the exact changes of the polarization angle, we introduced the designation of this angle as χ. The labeled values n min and n max in Figure 28 correspond to the minimum and maximum measured values of the refractive index, respectively; in the paper, these values were 1.3461 and 1.3471, respectively.



By analyzing Figure 28, it can be seen that changing the polarization of the input light had very little effect on the transmission coefficient of the P-TFBG structure, as verified and reported earlier. Compared to the refractive index changes, this change was much smaller. It should also be noted that the nature of the transmission coefficient changes due to polarization changes is the same for several different refractive index values. The curves had the same characteristic of change and the same shape and slope. Regardless of the value of the refractive index being measured, the effect of polarization was the same.



To determine the metrological parameters, we determined the matrix equation of the P-TFBG sensor processing in the general form:


         P 1         P 2        =        K  n 1        K  χ 1          K  n 2        K  χ 2         ×      n     χ       



(6)




where Kn1 is the sensitivity of the parameter P1 to a change in the refractive index n; Kn2 is the sensitivity of the parameter P2 to a change in the refractive index n; Kχ1 is the sensitivity of the parameter P1 to a change in the input light polarization angle χ; and Kχ2 is the sensitivity of the parameter P2 to a change in the input light polarization angle χ. Let us now explain what P1 and P2 mean in the case of our P-TFBG sensor. According to the information in this section, the determination of the refractive index is possible by measuring the transmission coefficient of selected cladding modes of the whole P-TFBG structure. According to the results presented in Figure 27 and Figure 28, the best measure of such changes is the value of the transmission coefficient of the selected cladding mode determined by two methods: the spectral line method and the minimum tracking method. However, since, according to the results presented in Section 3.2 and Section 3.3, the transmission coefficient was also affected by the change in the polarization angle of the input light, where this P-TFBG specificity obviously defines the parameters P1 and P2. Thus, the parameter P1 denotes the transmission coefficient determined by the spectral line method and is further denoted as tsl, while the parameter P1 denotes the transmission coefficient determined by the minimum tracking method and is further denoted as tmt.



Thus, after taking into account the values of the sensitivity coefficients determined experimentally, we are able to write the P-TFBG processing matrix Equation (6) for the @1539.8 nm mode in the following useful form:


         t  s l          t  m t         =       105.55     0.000110   1 / °         105.55     0.000111   1 / °         ×      n     χ       



(7)




and in the case of the mode @1541.05 nm:


         t  s l          t  m t         =       49.96     0.000056   1 / °         54.70     0.000057   1 / °         ×      n     χ       



(8)







As we can see, a 2-fold reduction in the sensitivity factor to n in the case of the @1541.05 nm mode also resulted in an approx. 2-fold decrease in the sensitivity to changes in χ.



When the condition of the nonzero determinant of the matrix is met, we can determine its complement matrix, and we will write the inverse processing equation in a form that allows indirect measurement of RI by measuring the transmission coefficient. In this way, an indirect measurement of the refractive index is possible using Equation (8). This equation also shows that the values of sensitivity to changes in polarization of the input light were negligibly small, and it is possible to indirectly measure the refractive index both by measuring the transmission coefficient for a given wavelength and its measurement by tracing the selected transmission minimum of the P-TFBG structure.





4. Future Works


The described system, sensor, and measuring method also have the potential to simultaneously measure temperature and refractive index or carry refractometric measurements insensitive to temperature changes. This is possible because a temperature change causes a shift in the entire spectral characteristics of the FBG structure [63,64] due to both the temperature expansion phenomenon and the so-called thermo-optical effect. Additionally, in the case of TFBG structures, a change in temperature produces the same effects and leads to a spectral shift of both the minima of the main Bragg resonance and the minima corresponding to the individual cladding modes [50]. Therefore, it is expected that, in principle, the P-TFBG structure will also be subject to the same phenomena. The sensitivity of the spectral shift to temperature can be described by the relation:


   K T  =   Δ λ   Δ T   =  k T   λ  min    



(9)




where λ is the wavelength change; the spectral shift, λmin is the wavelength corresponding to the minimum value of the transmission coefficient of the selected P-TFBG cladding mode; and kT is the relative temperature sensitivity coefficient equal to:


   k T  =    c  exp   +  c  t o      1 K  =      1 Λ    ∂ Λ   ∂ T     +    1   n  e f f        n  e f f     ∂ T        1 K   



(10)







The parameter cexp is the temperature expansion coefficient of the optical fiber, and for quartz glass, its value is 0.55 × 10−6 K−1; cto is the thermo-optical coefficient, equal to 8.6 × 10−6 K−1.



In future work, we plan to perform thermal analyses of P-TFBG sensors. The proposed sensor could be used to measure both the refractive index in terms of detecting the presence of pathogens in blood and the temperature.



Of course, as we stated at the end of Section 3, the value of the transmission coefficient t can be determined by both the spectral line method (tsl) and the minimum tracking method (tmt). However, for practical purposes, it would be more convenient to use the value of tmt because in the case of a change in temperature, the whole spectral characteristic of the P-TFBG structure shifts, and tracking the shift of a selected minimum on this characteristic is more convenient and technologically simpler to realize.




5. Conclusions


In this paper, we demonstrated the possibility of measuring refractive index changes at a high level. To our knowledge, this is the first time in the literature that we have proposed the use of perpendicular TFBG P-TFBGs for RI detection. In this paper, we demonstrate the possibility of theoretically determining the transmission coefficient of the TTFBG structure for each polarization state represented by the angle of linearly polarized light. It has been shown that the effect of changes in the polarization angle of the input light in the range from 0° to 90° on the transmission spectra is significantly reduced when the twist angle of such a structure increases. It has been demonstrated that the twist occurring in a TTFBG structure causes a decrease in its sensitivity to the polarization of the input light.



It was also shown that the nature of the transmission coefficient changes due to polarization changes was the same for several different values of the measured refractive index. The curves had the same characteristic of changes and the same shape and slope. Regardless of the value of the measured refractive index, the effect of polarization was the same. This makes it possible to calibrate the sensor and make precise refractometric measurements.







Author Contributions


Conceptualization, Measurements, Visualization, Writing—Original Draft: D.H.; Supervision, Visualization, Writing—Review & editing: P.K.; Visualization, Data curation: B.Y.; Methodology, Validation: J.M. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Lublin University of Technology (grant number: FD-20/EE-2/309).




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


	



Mroczka, J.; Świrniak, G. Approximate solution for optical measurement of the diameter and refractive index of a small and transparent fiber. J. Opt. Soc. Am. A Opt. Image Sci. Vis. 2016, 33, 667–676. [Google Scholar]

	



Li, Z.; Hirst, J.D. Computed optical spectra of SARS-CoV-2 proteins. Chem. Phys. Lett. 2020, 758, 137935. [Google Scholar] [CrossRef]

	



Mroczka, J.; Wysoczański, D. Plane-wave and Gaussian-beam scattering on an infinite cylinder. Opt. Eng. 2000, 39, 763–770. [Google Scholar] [CrossRef]

	



Onofri, F.R.A.; Krzysiek, M.A.; Barbosa, S.; Messager, V.; Ren, K.-F.; Mroczka, J. Near-critical-angle scattering for the characterization of clouds of bubbles: Particular effect. Appl. Opt. 2011, 50, 5759–5769. [Google Scholar] [CrossRef] [PubMed]

	



Onofri, F.; Krzysiek, M.; Mroczka, J. Critical angle refractometry and sizing of bubble clouds. Opt. Lett. 2007, 32, 2070–2072. [Google Scholar] [CrossRef] [PubMed]

	



Hawkes, P. Future directions in high-resolution electron microscopy: Novel optical components and techniques. Comptes Rendus Phys. 2014, 15, 110–118. [Google Scholar] [CrossRef]

	



Zinzula, L.; Basquin, J.; Bohn, S.; Beck, F.; Klumpe, S.; Pfeifer, G.; Nagy, I.; Bracher, A.; Hartl, F.U.; Baumeister, W. High-resolution structure and biophysical characterization of the nucleocapsid phosphoprotein dimerization domain from the Covid-19 severe acute respiratory syndrome coronavirus 2. Biochem. Biophys. Res. Commun. 2021, 538, 54–62. [Google Scholar] [CrossRef] [PubMed]

	



Manuylovich, E.; Tomyshev, K.; Butov, O.V. Method for Determining the Plasmon Resonance Wavelength in Fiber Sensors Based on Tilted Fiber Bragg Gratings. Sensors 2019, 19, 4245. [Google Scholar] [CrossRef] [PubMed]

	



Ye, M.; Luo, G.; Ye, D.; She, M.; Sun, N.; Lu, Y.-J.; Zheng, J. Network pharmacology, molecular docking integrated surface plasmon resonance technology reveals the mechanism of Toujie Quwen Granules against coronavirus disease 2019 pneumonia. Phytomedicine 2021, 85, 153401. [Google Scholar] [CrossRef]

	



Zhou, Z.; Yang, Z.; Ou, J.; Zhang, H.; Zhang, Q.; Dong, M.; Zhang, G. Temperature dependence of the SARS-CoV-2 affinity to human ACE2 determines COVID-19 progression and clinical outcome. Comput. Struct. Biotechnol. J. 2021, 19, 161–167. [Google Scholar] [CrossRef]

	



Sahin, I. Cholecalciferol has strong effect on the order and dynamics of DPPC membranes: A combined Fourier transform infrared spectroscopy and differential scanning calorimetry study. Vib. Spectrosc. 2021, 113, 103207. [Google Scholar] [CrossRef]

	



Rad, A.S.; Ardjmand, M.; Esfahani, M.R.; Khodashenas, B. DFT calculations towards the geometry optimization, electronic structure, infrared spectroscopy and UV–vis analyses of Favipiravir adsorption on the first-row transition metals doped fullerenes; a new strategy for COVID-19 therapy. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2021, 247, 119082. [Google Scholar] [CrossRef] [PubMed]

	



Lukose, J.; Chidangil, S.; George, S.D. Optical technologies for the detection of viruses like COVID-19: Progress and prospects. Biosens. Bioelectron. 2021, 178, 113004. [Google Scholar] [CrossRef]

	



Sengupta, J.; Hussain, C.M. Graphene-based field-effect transistor biosensors for the rapid detection and analysis of viruses: A perspective in view of COVID-19. Carbon Trends 2021, 2, 100011. [Google Scholar] [CrossRef]

	



Sheikhzadeh, E.; Eissa, S.; Ismail, A.; Zourob, M. Diagnostic techniques for COVID-19 and new developments. Talanta 2020, 220, 121392. [Google Scholar] [CrossRef] [PubMed]

	



Yang, S.; Chu, M.; Du, J.; Li, Y.; Gai, T.; Tan, X.; Xia, B.; Wang, S. Graphene quantum dot electrochemiluminescence increase by bio-generated H2O2 and its application in direct biosensing. R. Soc. Open Sci. 2020, 7, 191404. [Google Scholar] [CrossRef] [PubMed]

	



Jadhav, S.A.; Biji, P.; Panthalingal, M.K.; Krishna, C.M.; Rajkumar, S.; Joshi, D.S.; Sundaram, N. Development of integrated microfluidic platform coupled with Surface-enhanced Raman Spectroscopy for diagnosis of COVID-19. Med. Hypotheses 2021, 146, 110356. [Google Scholar] [CrossRef] [PubMed]

	



Mary, S.J.J.; Siddique, M.U.M.; Pradhan, S.; Jayaprakash, V.; James, C. Quantum chemical insight into molecular structure, NBO analysis of the hydrogen-bonded interactions, spectroscopic (FT–IR, FT–Raman), drug likeness and molecular docking of the novel anti COVID-19 molecule 2-[(4,6-diaminopyrimidin-2-yl)sulfanyl]-N-(4-fluorophenyl)acetamide—dimer. Spectrochim. Acta Part A Mol. Biomol. 2021, 244, 118825. [Google Scholar]

	



Chen, Y.-T.; Liao, Y.-Y.; Chen, C.-C.; Hsiao, H.H.; Huang, J.J. Surface plasmons coupled two-dimensional photonic crystal biosensors for Epstein-Barr virus protein detection. Sens. Actuators B Chem. 2019, 291, 81–88. [Google Scholar] [CrossRef]

	



Lo Presti, D.; Massaroni, C.; Jorge Leitao, C.S.; Domingues, M.F.; Sypabekova, M.; Barrera, D.; Floris, I.; Massari, L.; Oddo, C.M.; Sales, S.; et al. Fiber Bragg Gratings for Medical Applications and Future Challenges: A Review. IEEE Access 2020, 8, 156863–156888. [Google Scholar] [CrossRef]

	



Samavati, A.; Samavati, Z.; Velashjerdi, M.; Ismail, A.F.; Othman, M.H.D.; Eisaabadi, G.; Abdullah, M.S.; Bolurian, M.; Bolurian, M. Sustainable and fast saliva-based COVID-19 virus diagnosis kit using a novel GO-decorated Au/FBG sensor. Chem. Eng. J. 2021, 420, 127655. [Google Scholar] [CrossRef]

	



Esposito, F.; Sansone, L.; Srivastava, A.; Baldini, F.; Campopiano, S.; Chiavaioli, F.; Giordano, M.; Giannetti, A.; Iadicicco, A. Fiber optic biosensor for inflammatory markers based on long period grating. IEEE Sens. J. 2020, 20212191. [Google Scholar] [CrossRef]

	



Udos, W.; Ooi, C.W.; Tan, S.H.; Lim, K.S.; Ee, Y.J.; Ong, K.C.; Ahmad, H. Label-free surface-plasmon resonance fiber grating biosensor for Hand-foot-mouth disease (EV-A71) detection. Optik 2021, 228, 166221. [Google Scholar] [CrossRef]

	



Lepinay, S.; Ianoul, A.; Albert, J. Molecular imprinted polymer-coated opticalfiber sensor for theidentification of low molecular weight molecules. Talanta 2014, 128, 401–407. [Google Scholar] [CrossRef]

	



Lepinay, S.; Staff, A.; Ianoul, A.; Albert, J. Improved detection limits of protein opticalfiber biosensors coatedwith gold nanoparticles. Biosens. Bioelectron. 2014, 52, 337–344. [Google Scholar] [CrossRef] [PubMed]

	



Tosi, D.; Shaimerdenova, M.; Bekmurzayeva, A.; Sypabekova, M. Demodulation of tilted fiber Bragg grating refractive index sensors with KLT. In Proceedings of the 2017 IEEE Sensors, Glasgow, UK, 29 October–1 November 2017; pp. 1–3. [Google Scholar]

	



Dai, R.; Zhang, L.; Liu, Y.; Zhou, Y. Twist characteristics of the helical long-period fiber gratings written in the polarization maintaining fiber. In Proceedings of the 2017 16th International Conference on Optical Communications and Networks (ICOCN), Wuzhen, China, 7–10 August 2017; pp. 1–3. [Google Scholar]

	



Jiang, C.; Liu, Y.; Zhao, Y.; Zhang, L.; Mou, C.; Wang, T. Helical Long-period Fiber Grating Written in Polarization-maintaining Fiber by CO2-laser. In Proceedings of the 2018 Conference on Lasers and Electro-Optics (CLEO), San Jose, CA, USA, 13–18 May 2018; pp. 1–2. [Google Scholar]

	



Chryssis, A.N.; Saini, S.S.; Lee, S.M.; Yi, H.; Bentley, W.E.; Dagenais, M. Detecting Hybridization of DNA by Highly Sensitive Evanescent Field Etched Core Fiber Bragg Grating Sensors. IEEE J. Sel. Top. Quantum Electron. 2005, 11, 864–872. [Google Scholar] [CrossRef]

	



Rahimi, S.; Ban, D.; Xiao, G.; Zhang, Z.; Albert, J. Temperature and Strain Sensors Based on Integration of Tilted Fiber Bragg Gratings with a Free Spectral Range Matched Interrogation System. IEEE Sens. J. 2009, 9, 858–861. [Google Scholar] [CrossRef]

	



Jiang, Q.; Hu, D. Microdisplacement Sensor Based on Tilted Fiber Bragg Grating Transversal Load Effect. IEEE Sens. J. 2011, 11, 1776–1779. [Google Scholar] [CrossRef]

	



Bekmurzayeva, A.; Shaimerdenova, M.; Abukhanov, Y.; Sypabekova, M.; Tosi, D. Detection of Tilted Fiber Bragg Grating Fiber-Optic Sensors with Short-Term KLT: Towards Low-Cost Biosensors. In Proceedings of the 2018 IEEE Sensors, New Delhi, India, 28–31 October 2018; pp. 1–4. [Google Scholar]

	



Márquez-Cruz, V.; Albert, J. High Resolution NIR TFBG-Assisted Biochemical Sensors. J. Lightwave Technol. 2015, 33, 3363–3373. [Google Scholar] [CrossRef]

	



Caucheteur, C.; Malachovska, V.; Ribaut, C.; Wattiez, R. Cell sensing with near-infrared plasmonic optical fiber sensors. Opt. Laser Technol. 2016, 78A, 116–121. [Google Scholar] [CrossRef]

	



Ribaut, C.; Loyez, M.; Larrieu, J.-C.; Chevineau, S.; Lambert, P.; Remmelink, M.; Wattiez, R.; Caucheteur, C. Cancer biomarker sensing using packaged plasmonic optical fiber gratings: Towards in vivo diagnosis. Biosens. Bioelectron. 2017, 92, 449–456. [Google Scholar] [CrossRef] [PubMed]

	



Bueno, A.; Debliquy, M.; Lahem, D.; Van Baekel, A.; Mégret, P.; Caucheteur, C. NO2 optical fiber sensor based on TFBG coated with LuPc2. In Proceedings of the Sensors, 2014 IEEE, Valencia, Spain, 2–5 November 2014; pp. 1073–1076. [Google Scholar]

	



Liang, P.; Jiang, Q.; Zhang, T. Researches and experiments on reflective TFBG—SPR biosensor. In Proceedings of the 2017 Chinese Automation Congress (CAC), Jinan, China, 20–22 October 2017; pp. 1158–1162. [Google Scholar]

	



Shen, C.; Lou, W.; Shentu, F.; Wang, Y.; Tong, L. Tilted fiber Bragg gratings and its fiber humidity and twist sensing applications. In Proceedings of the 2016 15th International Conference on Optical Communications and Networks (ICOCN), Hangzhou, China, 24–27 September 2016; pp. 1–3. [Google Scholar]

	



Yang, J.; Dong, X.; Ni, K.; Chan, C.C.; Shum, P.P. Relative humidity sensor based on optical fiber gratings and polyvinyl alcohol. In Proceedings of the 7th IEEE/International Conference on Advanced Infocomm Technology, Fuzhou, China, 14–16 November 2014; pp. 137–142. [Google Scholar]

	



Wang, Q.; Jing, J.; Wang, B. Highly Sensitive SPR Biosensor Based on Graphene Oxide and Staphylococcal Protein A Co-Modified TFBG for Human IgG Detection. Trans. Instrum. Meas. 2019, 68, 3350–3357. [Google Scholar] [CrossRef]

	



Zheng, J.; Dong, X.; Shao, L.-Y.; Zu, P.; Chan, C.C.; Cui, Y.; Shum, P.P. Magneto-optical fiber sensor based on magnetic fluid surrounded tilted fiber Bragg grating. In Proceedings of the 2013 6th IEEE/International Conference on Advanced Infocomm Technology (ICAIT), Hsinchu, Taiwan, 6–9 July 2013; pp. 171–172. [Google Scholar]

	



Duan, Y.; Wang, F.; Zhang, X.; Liu, Q.; Lu, M.; Ji, W.; Zhang, Y.; Jing, Z.; Peng, W. TFBG-SPR DNA-Biosensor for Renewable Ultra-Trace Detection of Mercury Ions. J. Light. Technol. 2021, 39, 3903–3910. [Google Scholar] [CrossRef]

	



Wang, R.; Li, Z.; Chen, X.; Hu, N.; Xiao, Y.; Li, K.; Guo, T. Mode Splitting in ITO-Nanocoated Tilted Fiber Bragg Gratings for Vector Twist Measurement. J. Light. Technol. 2021, 39, 4151–4157. [Google Scholar] [CrossRef]

	



Cięszczyk, S.; Harasim, D.; Kisała, P. A Novel Simple TFBG Spectrum Demodulation Method for RI Quantification. IEEE Photonics Technol. Lett. 2017, 29, 2264–2267. [Google Scholar] [CrossRef]

	



Moreno, Y.; Song, Q.; Xing, Z.; Lu, T.; Qin, H.; Sun, Y.; Zhou, W.; Zhang, W.; Yan, Z.; Sun, Q.; et al. Hybrid Polarizing Grating and TFBG based SPR Refractive Index Sensor. In Proceedings of the 2019 18th International Conference on Optical Communications and Networks (ICOCN), Huangshan, China, 5–8 August 2019; pp. 1–3. [Google Scholar]

	



Tomyshev, K.A.; Manuilovich, E.S.; Tazhetdinova, D.K.; Dolzhenko, E.I.; Butov, O.V. High-precision data analysis for TFBG-assisted refractometer. Sens. Actuators A Phys. 2020, 308, 112016. [Google Scholar] [CrossRef]

	



Liu, Q.; Zhang, B.; Chai, Q.; Tian, Y.; Liu, Y.; Ren, J.; Liu, C.; Zhang, J.; Lewis, E.; Zhang, W.; et al. Discriminating Twisting Direction by Polarization Maintaining Fiber Bragg Grating. IEEE Photonics Technol. Lett. 2018, 30, 654–657. [Google Scholar] [CrossRef]

	



Kisała, P.; Skorupski, K.; Cieszczyk, S.; Panas, P.; Klimek, J. Rotation and twist measurement using tilted fibre bragg gratings. Metrol. Meas. Syst. 2018, 25, 429–440. [Google Scholar]

	



Caucheteur, C.; Guo, T.; Albert, J. Polarization-Assisted Fiber Bragg Grating Sensors: Tutorial and Review. J. Light. Technol. 2017, 35, 3311–3322. [Google Scholar] [CrossRef]

	



Kisała, P.; Mroczka, J.; Cięszczyk, S.; Skorupski, K.; Panas, P. Twisted tilted fiber Bragg gratings: New structures and polarization properties. Opt. Lett. 2018, 43, 4445–4448. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.; Wang, J. Optical Biosensors: An exhaustive and comprehensive review. Analyst 2020, 145, 1605–1628. [Google Scholar] [CrossRef] [PubMed]

	



Schroeder, K.; Ecke, W.; Mueller, R.; Willsch, R.; Andreev, A. A fibre Bragg grating refractometer. Meas. Sci. Technol. 2001, 12, 757–764. [Google Scholar] [CrossRef]

	



Bekmurzayeva, A.; Dukenbayev, K.; Shaimerdenova, M.; Bekniyazov, I.; Ayupova, T.; Sypabekova, M.; Molardi, C.; Tosi, D. Etched Fiber Bragg Grating Biosensor Functionalized with Aptamers for Detection of Thrombin. Sensors 2018, 18, 4298. [Google Scholar] [CrossRef] [PubMed]

	



Asseh, A.; Sandgren, S.; Ahlfeldt, H.; Sahlgren, B.; Stubbe, R.; Edwall, G. Fiber Optical Bragg Grating Refractometer. Fiber Integr. Opt. 2010, 17, 51–62. [Google Scholar]

	



Caucheteur, C. Light Polarization-Assisted Sensing with Tilted Fiber Bragg Gratings. Open Opt. J. 2014, 7, 95–103. [Google Scholar] [CrossRef]

	



Cięszczyk, S.; Harasim, D.; Kisała, P. Novel twist measurement method based on TFBG and fully optical ratiometric interrogation. Sens. Actuators A Phys. 2018, 272, 18–22. [Google Scholar]

	



Kisała, P.; Harasim, D.; Mroczka, J. Temperature-insensitive simultaneous rotation and displacement (bending) sensor based on tilted fiber Bragg grating. Opt. Express 2016, 24, 29922–29929. [Google Scholar] [CrossRef]

	



Lu, Y.; Shen, C.; Chen, D.; Chu, J.; Wang, Q.; Dong, X. Highly sensitive twist sensor based on tilted fiber Bragg grating of polarization-dependent properties. Opt. Fiber Technol. 2014, 20, 491–494. [Google Scholar] [CrossRef]

	



Lu, Y.-C.; Geng, R.; Wang, C.; Zhang, F.; Liu, C.; Ning, T.; Jian, S. Polarization Effects in Tilted Fiber Bragg Grating Refractometers. J. Light. Technol. 2010, 28, 1677–1684. [Google Scholar]

	



Shao, L.Y.; Laronche, A.; Smietana, M.; Mikulic, P.; Bock, W.J.; Albert, J. Highly sensitive bend sensor with hybrid long-period and tilted fiber Bragg grating. Opt. Commun. 2010, 283, 2690–2694. [Google Scholar] [CrossRef]

	



Guo, T.; Liu, F.; Guan, B.O.; Albert, J. Polarimetric multi-mode tilted fiber grating sensors. Opt. Express 2014, 22, 7330–7336. [Google Scholar] [CrossRef] [PubMed]

	



Shang, R.B.; Zhang, W.G.; Zhu, W.B.; Geng, P.C.; Ruan, J.; Gao, S.C.; Li, X.N.; Cao, Q.X.; Zeng, X. Fabrication of twisted long period fiber gratings with high frequency CO2 laser pulses and its bend sensing. J. Opt. 2013, 15, 075402. [Google Scholar] [CrossRef]

	



Kersey, A.D.; Berkoff, T.A. Fiber-optic Bragg-grating differential-temperature sensor. IEEE Photonics Technol. Lett. 1992, 4, 1183–1185. [Google Scholar] [CrossRef]

	



Erdogan, T. Fiber Grating Spectra. J. Light. Technol. 1997, 15, 1277–1294. [Google Scholar] [CrossRef]








[image: Sensors 21 07318 g001 550] 





Figure 1. Comparison of the possibility of using FBG and TFBG in the detection of refractive index changes: (a) FBG, (b) TFBG. 
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Figure 2. Scheme showing how the TTFBG structure is produced. 
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Figure 3. Twisting of the TFBG structure by the angle ϕ. Red arrows indicate P-type polarization, blue arrows correspond to S-type polarization. 
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Figure 4. Marking of the two orthogonal polarization states in the TFBG structure. 
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Figure 5. The process of TFBG structure formation on an optical fiber twisted by an angle equal to 180°. The figure shows the transmission characteristics measured at different times after switching on the laser: (a) 4 s, (b) 8 s, (c) 12 s, (d) 16 s, (e) 20 s, (f) 24 s, (g) 28 s, (h) 32 s, (i) 36 s, (j) 40 s, (k) 44 s, (l) 48 s. 
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Figure 6. Spectral characteristics of the TFBG structure: θ = 5°, ϕ = 0°. 
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Figure 7. Results of spectral measurements of TFBG θ = 5° for three states of polarization of the input light for wavelengths: (a) ϕ = 0° untwisted, (b) ϕ = 45°, (c) ϕ = 90°. 
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Figure 8. Evolution of spectral characteristics measured in transmission mode induced by a 1% change in glucose concentration (preliminary tests). TFBG: θ = 8°. 
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Figure 9. Comparison of the spectral characteristics of two structures TTFBG with the twist angle equal to 90° and TFBG twisted for the time of measurements by the angle equal to 90°: (a) the whole spectral range, (b) selected spectral range corresponding to three selected cladding modes. 
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Figure 10. Comparison of the spectral characteristics of four TTFBG structures differing in the ϕ angle: (a) the entire spectral range, (b) a selected spectral range corresponding to two selected cladding modes. 
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Figure 11. Results of numerical calculations of changes in the transmission coefficient of the TTFBG structure for various ϕ angles: (a) for P-type mode, (b) for S-type mode. 






Figure 11. Results of numerical calculations of changes in the transmission coefficient of the TTFBG structure for various ϕ angles: (a) for P-type mode, (b) for S-type mode.



[image: Sensors 21 07318 g011]







[image: Sensors 21 07318 g012 550] 





Figure 12. Measurement results of the transmission coefficient variation of the TTFBG structure for different twist angles ϕ. 
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Figure 13. Structure composed of two identical TFBG twisted in relation to each other. 
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Figure 14. Idea of determining the γ angle in the P-TFBG structure. 
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Figure 15. Spectral characteristics measured in air for three input light polarization states: (a) TFBG, (b) P-TFBG system. 
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Figure 16. Spectral characteristics measured in solution for three polarization states of the input light of (a) TFBG, (b) P-TFBG system. 
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Figure 17. Spectral characteristics of the P-TFBG system for variable inclination angles of TFBG structures of: (a) 5°, (b) 6°, (c) 7°. 
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Figure 18. Spectral characteristics of the P-TFBG system in the selected spectral range for variable tilting angles of TFBG structures amounting to: (a) 5°, (b) 6°, (c) 7°. 
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Figure 19. Results of the spectral measurements for modal preselection P-TFBG 7°. Measurements were made in the range of changes RI = 1.3461–1.3471. 
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Figure 20. Results of the spectral measurements for TTFBG modal preselection. (a) mode @1539.8 nm, (b) mode @1541.05 nm. 
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Figure 21. Histograms showing the response of the sensors to changes in P, S|P, and S polarization for the cases: (a) TFBG air, (b) TFBG solution, (c) P-TFBG air, (d) P-TFBG. 
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Figure 22. Measured spectral characteristics showing the response of the sensors to changes in polarization P, S|P and S for the cases: (a) TFBG air, (b) TFBG solution, (c) P-TFBG air, (d) P-TFBG solution. 






Figure 22. Measured spectral characteristics showing the response of the sensors to changes in polarization P, S|P and S for the cases: (a) TFBG air, (b) TFBG solution, (c) P-TFBG air, (d) P-TFBG solution.



[image: Sensors 21 07318 g022]







[image: Sensors 21 07318 g023 550] 





Figure 23. Measured spectral characteristics in the preselected range showing the response of the sensors to changes in P, S|P, and S polarization for the cases: (a) TFBG air, (b) TFBG solution, (c) P-TFBG air, (d) P-TFBG solution. All structures had angles θ = 7°. 
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Figure 24. Measurement system scheme: 1—optical spectrum analyzer, 2—electronic scales, 3—test tubes with glucose solutions, 4—superluminescent diode, 5—TTFBG and P-TFBG sensors, 6—test solution, 7—microscope lens, 8—half wave plate mounted in rotation base, 9—polarizer, 10—microscope lens. 
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Figure 25. Refractive index measurement results for selected P-TFBG cladding modes: (a) @1539.8 nm, (b) @1541.05 nm. 
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Figure 26. Graphical representation of how to determine refractive index changes using the P-TFBG structure: (a) spectral line method, (b) minimum tracking method. 






Figure 26. Graphical representation of how to determine refractive index changes using the P-TFBG structure: (a) spectral line method, (b) minimum tracking method.



[image: Sensors 21 07318 g026]







[image: Sensors 21 07318 g027 550] 





Figure 27. Processing characteristics for refractive index n measurements for two selected P-TFBG cladding modes: (a) @1539.8 nm, (b) @1541.05 nm. Measurements were performed using two methods: spectral line and minimum tracking. 
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Figure 28. Characteristics of the cross-sensitivities of the P-TFBG sensor for changes in input light polarization angle χ measured for two selected cladding modes. Measurements were performed using the minimum tracking method. 
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Table 1. Parameters of the produced TTFBG structures.
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α = 180°

	
α = 90°

	
α = 45°

	
α = 0°






	
T [-]

	
min

	
max

	
min

	
max

	
min

	
max

	
min

	
max




	
0.720

	
0.740

	
0.635

	
0.824

	
0.635

	
0.824

	
0.546

	
0.895




	
T [-]

	
0.0200

	
0.0900

	
0.1894

	
0.3493




	
δT [%]

	
2.78

	
11.54

	
23.76

	
39.03




	
KTα [1/°]

	
0.0002

	
0.0010

	
0.0021

	
0.0039




	
T|0°

	
0.72

	
0.78

	
0.7972

	
0.895
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Table 2. The refractive index values of the analyte used.
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Glucose

Concentration

	
Refractive

Index

	
Glucose

Concentration

	
Refractive

Index




	
[%]

	
[RIU]

	
[%]

	
[RIU]






	
8.810160

	
1.346015248

	
9.059395

	
1.34638910




	
8.835083

	
1.346052633

	
9.084318

	
1.346426485




	
8.860007

	
1.346090018

	
9.109241

	
1.346463870




	
8.884930

	
1.346127404

	
9.134165

	
1.346501255




	
8.909854

	
1.346164789

	
9.159088

	
1.346538641




	
8.934777

	
1.346202174

	
9.184012

	
1.346576026




	
8.959701

	
1.346239559

	
9.208935

	
1.346613411




	
8.984624

	
1.346276944

	
9.233859

	
1.346650796




	
9.009548

	
1.346314329

	
9.258782

	
1.346688181




	
9.034471

	
1.346351715

	
9.283706

	
1.346725566
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