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Abstract

:

Conventional single-mode fiber (SMF) Brillouin optical time-domain reflectometry (BOTDR) suffers from a low signal-to-noise ratio (SNR) and severe sensing reliability due to the influence of the stimulated Brillouin scattering threshold and bend loss. In this study, a simple and low-cost distributed sensing structure, with a single-mode input fiber alignment fusion and a 50 μm diameter graded index multimode sensing fiber, is designed, and the SNR characteristic is investigated. Through theoretical derivation and experimental verification, a higher SNR and excellent bending resistance are realized in BOTDR. The experimentally measured improvements in the SNR of the proposed sensing structure over the SMF at the beginning and end of a 5 km fiber are 2.5 dB and 1.3 dB, respectively. The minimum bending radius of the sensing structure is 2.25 mm, which is much better than that of the SMFs. The bidirectional optical losses between the SMF and the 50 μm graded index multimode fiber are measured by a simple experiment system and are 0.106 dB and 1.35 dB, respectively. The temperature-sensing characteristics of the sensing structure are measured by the self-built frequency-shift local heterodyne BOTDR sensor, and the measured temperature sensitivity and accuracy are 0.946 MHz/℃ and 1 ℃, respectively. The design provides a reference for BOTDR with a high SNR and has great potential for structural safety and health monitoring of infrastructures.
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1. Introduction


Brillouin distributed optical fiber sensors using a light wave as a carrier, fiber as a medium, and scattering as a mechanism can realize distributed temperature and strain sensing with a high measurement accuracy and have been extensively studied for use sensing applications for structural safety and health monitoring (SSHM) in recent years [1,2,3,4,5,6,7,8,9,10,11]. In previous research on Brillouin sensing, the most commonly used sensing fibers were standard single-mode fibers (SMFs) [2,3,4,5,6,7,8]. However, in recent years, with the diversification of human needs and the improvement of technological means, some special fibers have started to enter the public view, such as polymer optical fibers [9,12], large effective area fibers [13], few-mode fibers [14,15], high-delta optical fibers [16], photonic crystal fibers [17], and multicore fibers [18,19]. These special fibers make up for the shortcomings of the SMF more or less, but their complex structures and expensive prices make them unable to shake the cornerstone position of SMF in the field of optical fiber sensing. However, the input power and signal-to-noise ratio (SNR) of SMF Brillouin sensing are small due to the limitations of the single-ended stimulated Brillouin scattering (SBS) effect, which further affects the measurement accuracy and sensing distance [5]. Moreover, in practical engineering applications, the poor bending resistance of SMF makes it difficult to overcome the bend loss caused by the harsh construction environment, causing the loss or even interruption of the Brillouin scattering signal. To solve this problem, G.657 B3 fibers have been designed. At 1550 nm, the loss of G.657 B3 is 0.15 dB/turn with a bending radius of 5 mm [20]. Although a significant improvement over G.652, it is still difficult to satisfy the requirements of applications in complex engineering environments. Since then, a number of bend-resistant special fibers have emerged, such as trench-assisted fibers [21,22,23], hole-assisted fibers [24,25,26], and photonic crystal fibers [27,28,29]. The goal is to introduce a trench refractive index profile around the fiber core to suppress the optical signal loss caused by bends. Moreover, some fiber producers, such as Draka, Corning, and OFS, are also developing bend-resistant fibers, among which the F-SBC fiber from OFS is particularly impressive, with a maximum bend loss of only 0.0005 dB/turn and a bending radius of 5 mm at 1550 nm. However, the complex structures of these special fibers make the preparation process cumbersome and expensive, and they are not the best choice for SSHM in terms of cost effectiveness for kilometre-scale infrastructure. Therefore, it is necessary to explore a low-cost, high-SNR, and bend-resistant fiber to make up for the SMF deficiency in extremely complex engineering environments.



In this manuscript, we fuse a short SMF with a 50 μm diameter graded index multimode fiber (GI-MMF) and combine it with self-built frequency-shifted local heterodyne Brillouin optical time-domain reflectometry (BOTDR) to form a low-cost, high-SNR, and bend-resistant distributed sensor. In our sensing structure, the SMF is used to excite the fundamental mode in the 50 μm GI-MMF and to filter out the high-order modes in the scattering signal, which is conducive to improving the measurement accuracy. Although the fusion of the two fibers is not a new structure and is mostly used in micronano sensors [30,31], its Brillouin scattering properties and applications in distributed fiber sensing have not been reported on by anyone other than us [32]. Moreover, most previous studies on Brillouin sensing in MMFs have focused on the entire MMF sensing structure and the SBS threshold (SBST) characteristics, in which mode coupling severely affects the Brillouin gain spectrum (BGS) and sensing performance [33,34,35,36]. We first design and construct a simple system to evaluate the bidirectional optical coupling efficiency of the SMF and 50 μm GI-MMF. Moreover, we theoretically and experimentally investigate the high-SNR characteristic of the proposed sensing structure. By suppressing the Fresnel reflection signal from the far end of the sensing structure, we also prove that the sensing structure has a good bending resistance, with a minimum bending radius of 2.25 mm. Finally, a BOTDR system is designed and built to measure and evaluate the temperature-sensing characteristics of the designed sensing structure, proving its sensing reliability.




2. Theory


2.1. BGS of MMF


As an early fiber, MMF has played an important role in medium-range and medium-capacity optical fiber communication systems in recent years. MMF can transmit many modes with different electromagnetic field distributions, characteristic parameters, and Brillouin scattering spectra. When the pump light is injected into the MMF, the Stokes light is generated by the interactions between the photons and acoustic phonons. The Stokes light suffers a Doppler shift called a Brillouin frequency shift (BFS), which can be written as follows [37]:


   v B  =   2  n  m n    V A   λ  sin  (     ϕ  m n    / 2   )  .  



(1)




where λ is the optical wavelength; nmn and ϕmn are the refractive index and scattering angle, respectively; m denotes the number of whole standing waves distributed along the circumference of the field; n denotes the number of half standing waves distributed along the radial direction of the field, ϕmn∈[2arccos(NA/n1), π] [37]; and VA is the acoustic velocity in MMF.



The BGS model of MMF can be described by [38]


  g  ( v )  =  g 0      Δ  ν  BS    / 2     ν  B 0   −  ν  Bc     ×  [   tan  − 1    (     ν  B 0   − v   Δ  ν  BS   / 2    )  −  tan  − 1    (     ν  Bc   − v   Δ  ν  BS   / 2    )   ]     ,   



(2)






   ν  B 0   =      ν B   ( ϕ )   |    ϕ  = π    =   2  n 0   V A   λ  ,  



(3)






     ν  Bc   =     ν B   ( ϕ )   |   ϕ = π − 2  θ c    =   2  n 0   V A   λ  sin  (    π − 2  θ c   2   )      =   2  n 0   V A      1 −    (  N A  )   2   /   n 0 2       λ  .    



(4)




where g0 is the Brillouin gain coefficient of SMF, v is the frequency shift value, vB0 and vBc are the on-axis (maximum) and critical angle (minimum) BFS, respectively. ΔvBS is the BGS linewidth of SMF, ϕ is the backward Stokes angle, θc is the complementary angle of the critical angle, NA is the numerical aperture, and n0 is the refractive index of the MMF core. The Brillouin gain spectra of MMF and SMF are illustrated in Figure 1. It can be seen that the BFS of the MMF is smaller than that of the SMF, which is caused by the different light incident angles and scattering directions. Moreover, multiple Brillouin-gain spectra exist in the MMF, resulting in a relatively wider BGS and a smaller Brillouin-gain coefficient (2.096 × 10−11 m/W).




2.2. Improvement of SNR


In fiber Brillouin sensing, the injection intensity of light is limited by the SBST. When the injection intensity exceeds the SBST, most of the energy of the pump light is rapidly transferred to the Stokes light, severely limiting the sensing quality and distance. The SBSTs of the fibers can be expressed as [35]


   P  th   =   G  A  eff    /   g i   L  eff     ,  



(5)






  G ≈ ln  [    4  A   eff       ν B   B  3 / 2    π  1 / 2   λ    g i   L  eff   k T τ c    ]  .  



(6)




where gi denotes the Brillouin gain coefficient of SMF (i = 0) or MMF (i = 1), Leff; and α and Aeff are the effective length, attenuation coefficient, and the effective area, respectively. G is the threshold coefficient, τ = 1/TB is the phonon attenuation rate, TB is the phonon lifetime, c is the light velocity in vacuum, vB is the BFS, T is the thermodynamic temperature, and B = 21, k is the Boltzmann constant. From Equations (5) and (6), it can be seen that the SBST of the fiber is mainly related to the effective area and the Brillouin-gain coefficient. Compared to the SMF, the MMF has a smaller Brillouin gain and a larger effective area, providing it with a higher SBST. Therefore, when using MMF as sensing fiber, it is expected that a higher SNR will be obtained. The improvement in the SNR (ISNR) can be expressed as [21,39]


   I  SNR    ( z )  =    P M   ( z )   e  −  α M  z    /   P S   ( z )   e  −  α S  z     ,  



(7)




where αM and αS are the attenuation coefficients of MMF and SMF, respectively, and PM(z) and PS(z) are the BGS peak powers at position z of MMF and SMF, respectively.


  P  ( z )  =    P 0   α B  S c W  e  − α z    /   (  2  n  eff    )    ,  



(8)




where W is the pulse width, P0 is the peak power, neff is the effective refractive index, and αB is the Brillouin scattering coefficient. S is the backscattering coefficient, which can be written as follows [40]:


  S =      (   λ /   n  eff      )   2   /  4 π  A   eff        ,  



(9)






   α B  =   8  π 3   n  eff     8   p  12  2  k T  /   (  3 ρ  λ 4   V A 2   )    .  



(10)




where p12 is the photoelastic coefficient, and ρ is the density.



It can be seen from the analysis that the SBSTs of MMF and SMF are obviously different at the same length, which makes the maximum launched pulse-peak power also different for the two fibers. The maximum allowable pulse peak power of the fiber is


   P  0 th   =  P  th      L e     ff      L p    =  P  th     2 n  L e     ff     c W   .  



(11)




where Lp is the effective length of the pulse. For the 50 μm GI-MMF and SMF, the maximum pulse peak power ratio is


     P   0 thM       P   0 thS      =      P  thM    L  effM    /   L p         P  thS    L  effS    /   L p      =    g 0   G M   A  effM      g 1   G S   A  effS     ≈    g 0   A  effM      g 1   A  effS     ≈ 5 .  



(12)






   A  effM   = π  ω 2  = π    [   (     2 V    +   0.23    V  3 / 2     +   18.01    V 6     )  a  ]   2  ,  



(13)




where PthM and PthS, P0thM and P0thS, LeffM and LeffS, AeffM and AeffS, and GM and GS are the SBST, maximum pulse-peak power, effective length, effective area, and the threshold coefficient of the 50 μm GI-MMF and SMF, respectively. ω and a are the mode field radius and the core radius of MMF, respectively, and V is the normalized frequency. From Equations (6) and (12), it can be seen that the pulse peak power of the 50 μm GI-MMF is approximately five times higher than that of the SMF. Furthermore, although the attenuation coefficient, fiber length, pump wavelength, and ambient temperature also affect the maximum pulse-peak power ratio between GI-MMF and SMF, the main influencing factor is the difference in the Brillouin gain and effective area caused by the different fiber structures.



Substituting Equations (5), (6) and (8)–(11) into Equation (7) and keeping the launched fiber pulse power as the maximum allowable value, the ISNR expression is


      I  SNR    ( z )     =   P M   ( z )   e  −  α M  z    /   P S   ( z )   e  −  α S  z            =      P  0 thM    α  B M    S M  c W  e  − 2  α M  z    /  2  n  effM          P 0     thS    α  B S    S S  c W  e  − 2  α S  z    /  2  n  effS              =   2  n  effS    P 0     thM    α  B M    S M  c W  e  − 2  α M  z     2  n  effM    P 0     thS    α  B S    S S  c W  e  − 2  α S  z            =    n  effS      n  effM        g 0   G M   A  effM      g 1   G S   A  effS        n  effM  8     n  effS  8       n  effS  2   A  effS    e  − 2  α M  z      n  effM  2   A  effM    e  − 2  α S  z            =    g 0     g 1       n  effM  5     n  effS  5       G M     G S       e  − 2  α M  z      e  − 2  α S  z     ≈ 2  . 39     e  − 2  α M  z      e  − 2  α S  z     .     



(14)




where neffM and neffS, and SM and SS are the effective refractive index and backscattering coefficient of the 50 μm GI-MMF and SMF, respectively. Equation (14) shows that the SNR of the 50 μm GI-MMF is more than twice that of the SMF and that it has the same length and attenuation under the conditions of the maximum allowable pulse power input. Moreover, the attenuation coefficient of these two types of fibers is also a major factor affecting the ISNR.



When the ISNR > 0 dB, it means that the SNR of the proposed sensing structure is higher than that of the SMF. In order to make the results more intuitive, we combined Equation (14) with the basic parameters of the two types of optical fibers in Table 1, and the results are shown in Figure 2. It can be seen from Figure 2 that the 50 μm GI-MMF can accommodate a higher optical power for a higher SNR due to its higher SBST and pulse-peak power. We performed calculations on the fibers that were utilized in the experiment and obtained the ISNR of the 50 μm GI-MMF over that of the SMF. The results, which are displayed in Figure 2a, were 3.558 dB at the beginning and 1.452 dB at the end. It should be pointed out that the ISNRs at the beginning and the end are not identical; this is mostly the results of the two fibers having distinct attenuation coefficients. The ISNR has a particularly steep slope as a result of the relatively large magnitude of the MMF’s attenuation coefficient. In fact, as fiber production technology has improved, the attenuation coefficient of the MMF has been reduced considerably. As a result, as shown in Figure 2b, another 50 μm GI-MMF with a lower attenuation coefficient was determined. It can be seen that the ISNR is more than 0 dB in a specific range, indicating that the suggested sensing structure has a higher SNR than SMF.




2.3. Fundamental Mode Excitation and High-Order Modes Filtering in GI-MMF


The number of modes that can be transmitted in the MMF is given by [41]:


  M =  (   g  g + 2    )     V 2   2   



(15)






  V =  k 0  a N A  



(16)






   k 0  =   2 π  λ   



(17)




where k0 is the wave number in vacuum. The parameter g determines the index profile. In general, the NA and g of the 50 μm GI-MMF are about 0.2 and 2, respectively. As a result, at 1550 nm, the number of modes that a 50 μm GI-MMF can support is in the hundreds. Due to the existence of multiple modes in the MMF and the interaction of the Brillouin-gain spectrum between each mode, the BGS broadens, and the sensing accuracy decreases [18,24,35]. Indeed, in the case of multiple modes, the BGS linewidth of the 50 μm GI-MMF obtained from our experiment is about 89.06 MHz, which is detrimental to improving the sensing accuracy. Moreover, the small effective refractive indexes of the higher-order modes in MMF make them less resistant to bending, which further affects the sensing reliability of the system [32].



In order to minimize the negative impact of the high-order modes in MMF on the sensing reliability, a short SMF is introduced into the graded-index multimode sensing fiber. An unconventional but simple and cheap distributed sensing structure is formed by aligning fusion to a short SMF near the end of the 50 μm GI-MMF. When the SMF alignment fuses to the 50 μm GI-MMF, only the axially symmetric optical modes in the MMF are excited. The coupling coefficient between the SMF and the fundamental mode in the MMF is above 90% [42]. Therefore, the optical mode content of the sensing structure is mainly the fundamental mode in the ideal case. However, in practice, due to the inherent inhomogeneity of the fiber and the influence of external disturbances, such as microbends and distortions, some optical modes will couple to become higher-order modes after a certain transmission distance. Nevertheless, the SMF at the start of the sensing structure filters out higher-order modes from the backscattering signal, which effectively reduces the interference caused by high-order modes. Therefore, the fused SMF acts as both a fundamental mode generator for the 50 μm GI-MMF and a high-order mode filter for the backscattering signal. Furthermore, the fundamental mode of the MMF has a stronger bending resistance, as the evanescent wave region of the fundamental mode in the MMF is much larger than that of the SMF [43], which is more conducive to the application of the sensing structure in the SSHM.





3. Experiment and Discussion


3.1. Measurement of Coupling Characteristics of SMF Alignment Fusion to 50 μm GI-MMF


In order to grasp the influence of SMF alignment fusion to the 50 μm GI-MMF on the sensing accuracy, we designed a simple system to measure and evaluate its power transmission characteristics. We draw on the fiber attenuation measurement method, an insertion method, to evaluate the coupling efficiency between the two fibers. In theory, the cutback method is more accurate than the insertion method. However, in practice, the cut fiber still needs to be fused to a connector so that the light can be coupled into the optical power meter as much as possible so that the fusion quality has a direct impact on the measurement accuracy. Moreover, in order to reduce measurement errors, it is indispensable to measure the structures many times. However, the repeated cut-offs and fusions influence the measurement results significantly. The insertion method is relatively simple, repeatable, and can be used to reduce measurement errors by carrying out multiple measurements. Therefore, the insertion method was chosen to evaluate the coupling efficiency. The experimental setup to measure the coupling efficiency of the SMF alignment fusion to the GI-MMF is shown in Figure 3. The light source is a distributed feedback laser diode (LD). An isolator (ISO) is used to ensure the unidirectional transmission of light. A variable optical attenuator (VOA) is used to adjust the power in the fiber. The light from the LD enters the fiber through the optical circulator (OC), and the backward reflection light is separated into the other end port of the OC. As shown in Figure 3, we designed four structures, in which the black line represents SMF, and the green line represents the 50 μm GI-MMF. Four kinds of structures are formed by the alignment fusion between the optical fibers. It should be noted that the optical circulator can also be used to measure the backward reflection signal to characterize the coupling efficiencies of the sensing structures from another perspective. However, in our actual measurements, the backward reflection signals were weak and were not significantly different, with the exception of structure 4, which means that the measurement results are not accurate enough. Therefore, we did not carry out further comparative studies on the backward reflection signals that were measured.



After averaging the multiple measurement results, we obtained the relationship between the output optical power and the input optical power of the four structures, as shown in Figure 4. It is obvious that the output power of the four structures is essentially linearly correlated with the input power. Moreover, the output power of the first three structures is essentially the same as the input power, which indicates that almost no light is lost during the transmission process. The output power is slightly lower than the input power, which may be due to splicing loss. The output power of Structure 4 is quite different from the input power, which indicates that the light loss is relatively large in the transmission process. In order to evaluate the optical coupling efficiency of the bidirectional transmission between the SMF and 50 μm GI-MMF more accurately, we divided the four structures into two groups: the first group was used to assess the coupling efficiency from the SMF to the 50 μm GI-MMF, and the second group was used to assess the coupling efficiency from the 50 μm GI-MMF to the SMF. We treated the output optical power of Structure 1 as the input power of Structure 2, which is conducive to eliminating the influence of fiber-splicing loss. Similarly, the output power of Structure 3 is also regarded as the input power of Structure 4. The power difference is used to characterize the coupling efficiency of the SMF and 50 μm GI-MMF, and the optical losses from the SMF to the 50 μm GI-MMF and from the 50 μm GI-MMF to the SMF are 0.106 dB and 1.35 dB, respectively. The difference in the optical coupling efficiency between the forward and backward modes in the sensing structure is caused by the effective area difference of the two fibers, which is also consistent with what most people assume.




3.2. Experimental Verification of ISNR


Figure 5 shows a self-built frequency-shift local heterodyne BOTDR sensor, which was used to evaluate the ISNR of the sensing structure with the SMF alignment fusion to the 50 μm GI-MMF compared to the standard SMF. A polarization-maintaining coupler (PMC) with a splitting ratio of 50:50 splits the light from LD into two branches, a pump and a local oscillator (LO). An electro-optic modulator (EOM) driven by a pulse generator (PG) is used to modulate the amplitude of the light from the LD to generate a 130 ns pulse with a repetition rate of 16 kHz. The pulse light is amplified by an erbium-doped fiber amplifier (EDFA), which is filtered by a fiber Bragg grating (FBG) and adjusted by a VOA before being injected into the fiber under test (FUT) via a single-mode OC. A polarization scrambler (PS) is used to change the polarization state of the pump pulse to randomly reduce polarization fading noise (PFN). Taking the designed sensing structure as an example, the high-order modes in the scattering light generated by the multimode sensing fiber are first filtered out by the single-mode input fiber and then enter the EDFA for amplification. For the LO signal, the light from a lower branch is modulated by an EOM driven by a microwave generator (MG) to generate a carrier suppressed two sideband signals. After the two carrier-suppressed sidebands signals are amplified by an EDFA, and the amplified spontaneous emission noise (ASEN) and continuous anti-Stokes light are filtered out by a tunable optical filter (TOF). A PS was introduced to reduce the influence of the polarization noise on the heterodyne detection signal. A photoelectric detector (PD) is used to convert the heterodyned optical signal into an electrical signal and guide it to an electrical spectrum analyzer (ESA) for data superposition, averaging, acquisition, and processing.



From the above analysis, the pulse peak thresholds of the 50 μm GI-MMF and SMF are different, and the ratio is about 5. The pulse width in the experiment is 130 ns, corresponding to the spatial resolution of 13 m, which is limited by the ESA (N9020A-513), with a maximum resolution bandwidth of 8 MHz. For the SMF and 50 μm GI-MMF with a length of 5 km, the pulse-peak thresholds are about 2.67 W and 13.3 W, respectively. Given that that the leakage light of the EOM will strengthen the SBS effect of the system, we set the pulse-peak power of the two sensing structures as 300 mW and 1.5 W, respectively. The BGS peak power of the two sensing structures was measured 20 times and averaged to obtain the Brillouin scattering signal trace at the central BFS, as shown in Figure 6. As seen from Figure 6, the designed sensing structure with an ISNR of 2.5 dB at the start and 1.3 dB at the end compared to the SMF yielded somewhat different values than the theoretical simulation values of 3.558 dB and 1.452 dB. On the one hand, this is due to the fact that the theoretical parameters do not exactly agree with the actual values. On the other hand, the high-order modes in the MMF are filtered out by the single-mode input fiber, resulting in the Brillouin scattering signal experiencing partial energy loss. Even so, the high-SNR characteristic of the proposed sensing structure has been proved effectively.




3.3. Fresnel Reflection Elimination and Bending Characteristic Measurements


In general, the Fresnel reflection signal generated by the fiber end is not beneficial to the fiber-sensing system. The Fresnel reflection signal may damage the instruments on the one hand and affect the measurement accuracy on the other hand. In normal Brillouin-sensing experiments, knots that have been tied near the far end of the fiber can effectively eliminate the Fresnel-reflection signal. However, when the FUT was used as our sensing structure, we found that this approach was ineffective, which indicates that knots cannot effectively prevent the Fresnel reflection signal generated by the far end of fiber from returning to the beginning of the fiber. This interesting phenomenon indicates that the proposed sensing structure has a strong bending resistance. To eliminate the Fresnel reflection signal from the fiber end, we introduced 10 coils with different bending radii near the end of the sensing structure. We found that the Fresnel reflection signal of the sensing structure was mostly eliminated when the diameter of the fiber coil was 2.5 mm, which is impossible in practical applications. Therefore, we fused a short 50 μm GI-MMF with an angled polished connector (APC) to the end of the sensing structure, and the Fresnel reflection signal was almost completely eliminated; however, when a fiber dust cap was covering the APC end, a strong Fresnel reflection signal was observed again. The experimental results are shown in Figure 7.



To further evaluate the bending resistance, we performed bending tests on the SMF and the proposed sensing structure with the system shown in Figure 5. The experiments were carried out by winding a length of fiber into 10 coils with different bending radii at the same position along approximately 4.8 km of the 5 km FUTs. The signal loss was visually displayed by the Brillouin intensity along the entire fiber. The Brillouin signals of the FUTs at different bending radii were measured several times, and the averaged Brillouin signal distribution is shown in Figure 8. It can be clearly seen that the SMF shows no obvious signal loss at the bending radius of 16 mm, and the proposed sensing structure is 2.25 mm. Obviously, the sensing structure of the SMF alignment fusion to the 50 μm GI-MMF has a far better bending resistance than the SMF, which makes it more suitable for SSHM applications.




3.4. Temperature-Sensing Characteristics


From the previous analysis and experimental verification, it can be seen that the proposed sensing structure has a strong SNR and bending resistance. Therefore, using the experimental system shown in Figure 5, we measured the temperature-sensing characteristics of SMF alignment fusion to the 50 μm GI-MMF. At room temperature (24 ℃), an approximated 150 m fiber near the far end of the 50 μm GI-MMF was heated from 35 ℃ to 75 ℃ at a step of 10 ℃. Three measurements were carried out at the same temperature, and the measured results were averaged by extracting the parameters of the Brillouin signal more accurately.



The measurement results are shown in Figure 9. Figure 9a shows a three-dimensional BGS of the 5 km sensing structure when the heating section was set to 75 ℃. Figure 9b shows the BFS of the sensing structure at different temperatures. Figure 9c shows an excellent linear relationship between the BFS and temperature. The BFS variation sensitivity to temperature is 0.946 MHz/℃, which is basically consistent with the conventional SMF. The BGS at 4.85 km of the sensing structure at different temperatures is shown in Figure 9d. It can be seen that the BFS of the sensing structure increases significantly as the temperature increases. The maximum BFS fluctuation in the heating section is 0.928 MHz, and thus, a temperature error of 1 ℃ can be obtained with the calibration temperature coefficient. These experimental results demonstrate that the sensing structure of the SMF alignment fusion to the 50 μm GI-MMF has a good sensing performance in the BOTDR system.



It should be noted that the BGS linewidth of the proposed sensing structure is about 53.2 MHz due to the existence of the single-mode input fiber, which is significantly superior to the entire MMF sensing structure. The BGS linewidth affects the BFS accuracy, which, in turn, affects the sensing reliability. The BFS accuracy can be expressed as [44]


  δ  v B  =   Δ  v B     2    (  R  SN   )    1 / 4       



(18)




where RSN is the system SNR, and ΔvB is the spontaneous BGS linewidth.



At room temperature, the average SNRs at the 300 m end of the SMF and the proposed sensing structure are 25.6 dB and 27.1 dB, respectively, and the average BGS linewidths are about 32.5 MHz and 53.2 MHz, respectively. Therefore, the BFS accuracies of the SMF and the proposed sensing structure are 5.265 MHz and 7.905 MHz, respectively. It can be seen that, although the proposed sensing structure can obtain a higher SNR, the accuracy of the BFS is lower than that of the SMF due to the larger BGS linewidth.



In order to weigh the influence of the SNR and BGS linewidths on the BFS accuracy of the SMF and the proposed sensing structure more intuitively, we calculated the SNR relationship between the two sensing structures under the condition of consistent BFS accuracy. This equation can be expressed as follows:


    Δ  v  BS      2     (   R  SNS    )     1 4      =   Δ v  ’ B     2     (  R  ’  SN    )     1 4       



(19)




where ΔvBS and Δv’B, RSNS and R’SN are the BGS linewidth and SNR of the SMF and proposed sensing structure, respectively. Therefore, the SNR relationship can be expressed as


   R  SNS    (  dB  )  = R  ’  SN    (  dB  )  − 8.6  (  dB  )   



(20)







It can be seen that when the SNR of the proposed sensing structure is 8.6 dB higher than that of the SMF, the BFS accuracy of the two sensing structures are consistent. Therefore, we may be able to combine the proposed sensing structure with pulse coding technology or multi-wavelength technology to further improve the SNR and achieve a BFS accuracy that is equivalent to that of the SMF. In other words, the high-SNR characteristic and outstanding bending resistance of the sensing structure come at the expense of the BFS accuracy. Taking the combination of other techniques, such as pulse coding or multi-wavelength technology, into account to further improve the SNR system as well as its usability and cost performance in practical engineering applications, we believe that the proposed sensing structure implementing SMF alignment fusion to a 50 μm GI-MMF has great potential in the SSHM infrastructure.





4. Conclusions


In conclusion, we reported and experimentally validated SMF alignment fusion to a 50 μm GI-MMF as a simple and low-cost sensing structure that can be implemented in BOTDR. The theoretical analysis and detailed experimental studies carried out in this work show that the proposed sensing structure has a higher SNR and bending resistance than the SMF and that it has a smaller BGS linewidth than the entire MMF structure. The experimentally measured ISNR of the sensing structure over the SMF at the beginning and end of a 5 km fiber are 2.5 dB and 1.3 dB, respectively. The minimum bending radius of the sensing structure is 2.25 mm, which is much better than that of the SMF. Moreover, we designed a simple system to evaluate the bidirectional optical coupling efficiency of the SMF and 50 μm GI-MMF. Losses from the SMF to the 50 μm GI-MMF and from the 50 μm GI-MMF to the SMF are different due to different effective areas of the fibers, which are 0.106 dB and 1.35 dB, respectively. Finally, we measured the temperature-sensing characteristics of the designed sensing structure, using the self-built frequency-shifted local heterodyne BOTDR system, and we obtained a temperature sensitivity of 0.946 MHz/℃ and a measurement accuracy of 1 ℃, which indicates its reliability in the SSHM infrastructure.
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Figure 1. Brillouin gain spectra of MMF and SMF. 
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Figure 2. The calculated ISNR of the designed sensing structure over SMF in the BOTDR system. (a) 5 km; (b) 20 km. 
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Figure 3. Experimental setup for measuring coupling efficiency. 
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Figure 4. Optical power measurement results and comparison for four structures. 
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Figure 5. Experimental setup of BOTDR. PMC: polarization-maintaining coupler; PG: pulse generator; EOM: electro-optic modulator; EDFA: erbium-doped fiber amplifier; FBG: fiber Bragg grating; PS: polarization scrambler; MG: microwave generator; TOF: tunable optical filter; CO: coupler; PD: photoelectric detector; ESA: electrical spectrum analyzer. 
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Figure 6. Trace of the measured Brillouin intensity. 
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Figure 7. Measured Fresnel reflection signal with different coil radii. 
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Figure 8. Measured Brillouin signals intensity with different bending radii. (a) SMF; (b) SMF alignment fusion to 50 μm GI-MMF. 
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Figure 9. Temperature measurement results of SMF alignment fusion to 50 μm GI-MMF. (a) three-dimensional BGS of the whole sensing structure at a heating section of 75 ℃; (b) BFS at 35–75 ℃; (c) Linear fitting between BFS and temperature; (d) BGS at different temperatures. 
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Table 1. Simulation parameters of two sensing structures.
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	Parameter (Units)
	g0 (m/W)
	g1 (m/W)
	B
	TB (ns)





	Value
	5 × 10−11
	2.096 × 10−11
	21
	10



	Parameter (Units)
	VA (m/s)
	k (J/K)
	T (K)
	λ (nm)



	Value
	5940
	1.38 × 10−23
	300
	1550



	Parameter (Units)
	vB (GHz)
	AeffS (m2)
	neffS
	p12



	Value
	11
	9.5 × 10−11
	1.45
	0.27



	Parameter (Units)
	ρ (kg/m3)
	AeffM (m2)
	neffM
	W (ns)



	Value
	2200
	1.9677 × 10−10
	1.48
	130
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