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Non-local effect is an important issue for a pulse-coded Brillouin optical time domain analyzer. Segmental frequency modulated probe, with a dedicated frequency step of half the natural Brillouin linewidth of the sensing fiber, is proposed to solve this issue. It can provide a wideband Brillouin gain as well as loss in the frequency band of the pump to alleviate pump distortions and thus non-local effects. This method can narrow the bit interval towards a level limited by the time of the Brillouin gain transition due to frequency switching, resulting in a bit interval as short as 900 ns for a 225 MHz frequency scanning range. A hot spot at the far fiber end is successfully detected even the probe power reaches −3 dBm under a cumulated Brillouin gain of 267.4%.
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INTRODUCTION
Brillouin optical time domain analyzer (BOTDA) is widely employed for distributed temperature and strain monitoring, exhibiting distinct advantages in sensing distance, sensing accuracy, and spatial resolution [1]. It has found many practical applications in the ocean monitoring, such as leakage detection of off-shore pipelines [2]. For a BOTDA, two light waves, called pump and probe, counter-propagate along the sensing fiber. The interference between them generates the acoustic wave, which serves as a medium for energy transfer between the pump and probe. This process is called the well-known stimulated Brillouin scattering (SBS) [3]. The amount of the transferred energy from the pump to the probe depends on their frequency difference. This dependence is characterized by the Brillouin gain spectrum (BGS), whose central frequency, i.e., Brillouin frequency shift (BFS), is linearly related to the temperature and strain applied to the sensing fiber [4–6]. Hence, the desired temperature and strain information can be obtained by retrieving the BFS. In addition to the energy transfer from the pump to the probe, the probe also gives energy to the pump. The spectrum of the pump would be distorted when the sum of the Brillouin gain and loss provided by the probe to the pump does not equal zero [7, 8]. Pump distortion leads to the so-called non-local effect, which is an important issue for BOTDAs [7–13].
The non-local effect in single-pulse BOTDAs can be effectively alleviated by several methods, such as scanning the pump frequency [8], using the Brillouin phase-gain ratio [9], and using the linear frequency modulated (LFM) dual-sideband probe [10–13]. Among them, the LFM probe method can reach a record peak power of 12 dBm by providing a wideband Brillouin gain through the high-frequency sideband as well as loss through the low-frequency sideband, i.e., the total energy transfer to the pump can be zero [12]. Recently, it was found that this powerful method can also be effective in non-local effect reduction for a pulse-coded BOTDA, enabling a 11.7 μs bit interval for a 250 MHz frequency scanning range [13]. Note that, the much higher Brillouin gain in a pulse-coded BOTDA considerably increase the difficulties in non-local effect mitigation compared to a single-pulse BOTDA [13, 14].
In this work, we design a new type of probe for non-local effect reduction in pulse-coded BOTDAs, which is called segmental frequency modulated (SFM) probe. This method is inspired by the rectangular SBS filter [15, 16], which uses a segmental frequency pump with a step of half the natural Brillouin linewidth to generate a wideband and rectangular Brillouin gain response for filtering. Similarly, the frequency of the SFM probe also changes segmentally with a step of half the natural Brillouin linewidth. As a result, it can alleviate non-local effect in a similar way to the LFM probe. Numerical simulations are performed to analyze temporal and spatial evolutions of the acoustic and probe waves. A Golay-coded BOTDA using the SFM probe with a code length of 512 bits and a sensing distance of 117.46 km is experimentally implemented. Non-local effect does not occur even the power of the SFM probe is as high as −3 dBm under a cumulated peak Brillouin gain of 267.4%. As a result, the figure-of-merit (FoM) of the sensor can be >800′000. To the best of our knowledge, this is the highest FoM achieved for a repeaterless standard BOTDA until now. At last, we discuss the advantages of the SFM probe method over the LFM probe method. The simulation and experimental results show that the SFM probe method can realize much purer single-frequency Brillouin gain measurement, and thus reduce the BFS measurement error.
Operation Principle and Simulation Results
The operation principle of the proposed SFM probe method is shown in Figure 1. The SFM probe is composed of N frequencies in the lower-frequency sideband (i.e., f1, f2,…, fN) and higher-frequency sideband (i.e., 2fP−f1, 2fP−f2,…, 2fP−fN, where fP is the frequency of the pump), respectively. The frequency step is fixed at ΔνB/2, where ΔνB is the natural Brillouin linewidth of the sensing fiber. The upper and lower sidebands offer a wideband Brillouin gain and loss to the pump, respectively [15, 16]. As a result, the pump spectrum would be irrelative to the probe since the sum of the wideband Brillouin gain and loss equals zero. Thus, the non-local effect will not occur. TE denotes the duration of each frequency and TP = NTE denotes the period of the SFM probe. In order to ensure the same Brillouin response for each bit ‘1’, TP should be equal to the bit interval (say Tbit) [13].
[image: Figure 1]FIGURE 1 | Operation principle of the proposed SFM probe method. fP is the frequency of the pump, {f1, f2,…, fN} and {2fP−f1, 2fP−f2,…, 2fP−fN} are the N frequency components in the lower-frequency and higher-frequency sidebands of the probe, TE denotes the duration of each frequency component, and TE denotes bit interval of the pump sequence.
The BGS construction scheme for the SFM probe is schematically shown in Figure 2. The pulsed pump and the SFM probe are time-synchronized during the measurements. The Brillouin gains under different pump-probe frequency differences at any fiber position can be obtained by scanning the time delay between the pump and probe with a step of TE. The BGS at any fiber position can then be constructed by letting the Brillouin gain versus pump-probe frequency difference be in the order fP−fN, fP−fN-1,…, fP−f1. Note that, since the frequency step is fixed at ΔνB/2, the BGS can only be measured roughly. For the purpose of realizing a desired small-enough frequency scanning step, say fd, all the probe frequencies are scanned entirely with a step of fd. The frequency scanning number for each time delay scanning is Nd = ΔνB/(2fd). As a result, the BGS can be measured under pump-probe frequency differences ranging from fP−(fN+ΔνB/2-fd) to fP−f1.
[image: Figure 2]FIGURE 2 | Schematic of the BGS construction scheme for the SFM probe.
The temporal and spatial evolutions of the pump, probe, and acoustic waves in the sensing fiber can be described by the Brillouin coupled equations [17]:
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where AP, As, and Q are the complex amplitudes of the pump, probe, and acoustic waves, respectively; Vg is the group velocity, g1 and g2 are the electro-strictive coupling coefficient and elasto-optic coefficient, respectively; ΓA = ΓB/2 + i (ΩB−Ω) with ΓB/2π is the linewidth of the natural BGS [18], ΩB/2π = fB is the BFS, and Ω/2π is the pump-probe frequency difference. Neglecting the fiber loss, AS (z,t) = [image: image] +δS (z,t), where [image: image] are the initial amplitudes of the pump and probe being launched into the sensing fiber, respectively, and δS (z,t) is the complex amplitude change of the probe introduced by SBS. δS (z,t) is normally a small amount in a BOTDA and thus can be ignored for the deviation of the acoustic wave. The stationary solution of the acoustic wave following the boundary condition Q (z,t = 0) = 0 can be written as
[image: image]
where C0(z) is the initial value of [image: image] with t = 0. As mentioned above, N-times time delay scanning and Nd-times frequency scanning are performed to construct the BGS. For the ith time delay scanning and jth frequency scanning, the time that the frequency component fi+(j-1)fd (i ≤ N, j ≤ Nd) of the probe arrives at the beginning of the sensing fiber is assumed as t = 0. Ω(z, t) can then be written as
[image: image]
where the subscript k equals the remainder of (m + i−1)/N and f0 = f15, and u(t) represents the Heaviside unit step function. The sensing fiber from the near to the far fiber end can be treated as a concatenation of N short segments, {[zi zi+1], i = 1…N}. The length of each segment, say Δz, is much shorter than τAVg, where τA is the phonon lifetime. The complex amplitude changes of the probe at the output of the sensing fiber (i.e., z1) can be calculated by [19].
[image: image]
Numerical simulations are performed to analyze the temporal and spatial evolutions of the acoustic and probe waves. The simulation parameters are: (fP−f1)-fB = 112 MHz, fd = 1 MHz, ΔνB = 30 MHz, N = 15, Nd = 15, so that the frequency offset between the pump-probe frequency difference and the BFS changes in the range from -112 to 112 MHz with a step of 1 MHz. Further, Δz = 0.1 m and TE = 60 ns.
In order to observe the acoustic wave evolution under different probe frequencies, a continuous pump is assumed. Under such an assumption, a long enough pump-probe interaction time at each fiber position is guaranteed. Figure 3A shows the distribution of the acoustic wave amplitude versus time profiles along the fiber positions ranging from 0 to 100 m at the 1st time delay scanning and 1st frequency scanning. As an example, the acoustic wave amplitude versus time at z = 0 is shown in Figure 3B. As seen there, when the probe frequency changes suddenly, the acoustic wave amplitude also changes suddenly accompanied with an amplitude oscillation and then reaches a stable value after a time interval of ∼30 ns. The oscillation or transition time is governed by the phonon lifetime (∼6 ns for the standard silica fiber [17]) since τA decides the value of ΓB as ΓB = 1/τA. As an example, in the inset of Figure 3B, we show the magnified view of the acoustic wave amplitude oscillation due to the frequency change from f15 to f1.
[image: Figure 3]FIGURE 3 | (A) Distribution of the acoustic wave amplitude versus time profiles along the sensing fiber in the range 0–100 m at the 1st time delay scanning and 1st frequency scanning. (B) Acoustic wave amplitude versus time at z = 0 m.
A 20 ns single pulse pump with an extinction ratio of 40 dB (i.e., the high and low levels of the pump pulse are set to 1 and 0.01, respectively) is then assumed. The assumed pump duration and extinction ratio equal those in the experiments below. Figure 4 shows the simulated BGS versus distance (A) before and (B) after data arrangement. The acoustic wave transition behavior leads to the Brillouin gain transition behavior between adjacent segmental frequencies as shown in Figure 4A. As a result, Brillouin gain spectra at those gain transition positions cannot be constructed correctly as shown in Figure 4B. The Brillouin gain trace under ΩB−Ω = 0 is shown as the blue curve in Figure 4C. Brillouin gain dips (or transitions) with full widths of ∼ 3 m appear periodically. For the purpose of accurately constructing the Brillouin gains at those gain-dip positions, a second simulation with a 30-ns pump time delay with respect to the first simulation is performed. In this way, the gain transition positions change to gain stable positions since the pump delay time equals the Brillouin gain transition time. The simulated Brillouin gain trace under ΩB−Ω = 0 is shown as the red curve in Figure 4C. The Brillouin gains at those gain-dip positions can now be constructed accurately. For the first measurement, the Brillouin gains at the distances {[0–6]m, [(6k-3)−6k]m, k is an integer and k ≥ 2} can be accurately constructed. For the second measurement, the Brillouin gains at the distances {[0–3]m, [(6k-6)−(6k-3)]m} can be accurately constructed. By combing the accurate Brillouin gain information obtained in the two simulations, accurate Brillouin gain along the sensing fiber can be obtained and is shown as the green curve in Figure 4C. Accordingly, as shown in Figure 4D, by combing the accurate BFS information retrieved in the two simulations (the error is < 0.3 MHz as shown in the inset of Figure 4D), accurate BFS distribution along the sensing fiber can be obtained. Specially note that, the Brillouin gain transition time gives a fundamental limitation on TE, i.e., TE must be two times longer than the Brillouin gain transition time, otherwise Brillouin gain stable duration would be less than the Brillouin gain transition duration. In other words, the gain-transition regions cannot be completely compensated by the second measurement.
[image: Figure 4]FIGURE 4 | Simulated BGS versus distance (A) before and (B) after data arrangement. (C) Brillouin gain traces under ΩB−Ω = 0 and (D) fitted BFS offsets along the sensing fiber.
EXPERIMENTAL SETUP
Figure 5 shows the experimental setup of a Golay-coded BOTDA using the proposed SFM probe. The light from a tunable laser source (TLS) at 1,549.6 nm is split by a 50:50 optical fiber coupler. In the upper (probe) branch, an intensity modulator (IM1) biased at Vπ through a bias controller is used to obtain a carrier-suppressed dual-sideband probe. The IM1 is driven by a high-frequency SFM microwave signal, which is generated by the frequency addition of two microwave signals: 1) A continuous microwave signal from a microwave generator (MG) and 2) a low-frequency SFM microwave signal from an arbitrary waveform generator (AWG). The frequency addition is realized by a frequency mixer followed by a bandpass filter (BPF) with a pass band from 10.5 to 11 GHz. The low-frequency SFM microwave signal is composed of 15 frequency components from 300 to 510 MHz with a step of 15 MHz. TE is set to 60 ns and thus TP is 900 ns. The frequency of the continuous microwave signal is swept from 10,663 to 10,677 MHz with a step of 1 MHz. Thus, the BGS at each fiber location can be measured under the pump-probe frequency differences from 10763 to 10,987 MHz with a step of 1 MHz. The −3-dBm dual-sideband SFM probe is launched into a 117.46 km sensing fiber through an optical isolator after passing through an erbium-doped fiber amplifier (EDFA1) and an acoustic-optic modulator (AOM1). The AOM1 introduces the same 200-MHz frequency shift to its input optical signal as the AOM2. The BFS of the sensing fiber at room temperature and loose state is 10.88 GHz.
[image: Figure 5]FIGURE 5 | Experimental Setup. TLS, tunable laser source; PC, polarization controller; IM: intensity modulator; MG, microwave generator; AWG, arbitrary waveform generator; BPF, bandpass filter, EDFA, erbium-doped fiber amplifier; AOM, acoustic-optic modulator; AFG, arbitrary function generator; PS, polarization scrambler; FUT, fiber under test; OC, optical circulator; FBG, fiber Bragg grating; PD, photo detector; LBF, low pass filter; OSC, oscilloscope.
In the lower branch, optical Golay-coded sequences are generated by using the AOM2 to gate a 29-dBm high-power continuous optical signal from the EDFA2. The AOM2 is driven by the 4-row, 512-bit, unipolar electrical Golay-coded sequences generated by an arbitrary function generator (AFG). The duration of each bit is 20 ns and the bit interval is 900 ns, thus the duration of each row is 460.8 μs. In addition, the period of each row is set to 2 ms. The generated optical Golay sequences with a peak power of 23 dBm are launched into the sensing fiber as the pump through an optical circulator. At the detection stage, the lower-frequency probe sideband is selected (i.e., to measure the Brillouin gain) by a fiber Bragg grating (FBG) after being amplified by the EDFA3. The selected sideband is then sent into a photo-detector (PD) connected to an electrical oscilloscope (OSC) with a sampling rate of 100 MSa/s for data acquisition. A 50-MHz low pass filter (LBF) is inserted between the PD and the OSC for noise removing.
EXPERIMENTAL RESULTS
The amplitudes of the probe under different scanning time delays form 0–840 ns with a step of 60 ns and frequencies from 10663 to 10,677 MHz with a step of 1 MHz are recorded with 256-times averaging for the 4-row Golay-coded sequences, resulting in a 900 × 200,000 raw data matrix, whose 1st row is shown in Figure 6A. Each row of the raw data matrix is then logarithmically normalized [14] to get the cumulated Brillouin gain matrix, whose 1st row is shown in Figure 6B. The magnified views of the results from 0.65 to 0.6518 ms are shown in the insets of the two figures. The standard Golay decoding process is further applied to the cumulated Brillouin gain matrix, resulting in a 225 × 399,999 single-pulse Brillouin gain matrix, whose 1st row in the range 0–1.2 ms is shown in Figure 6C—the beginning of the Brillouin gain trace is aligned to 0 ms. The magnified view of the result from 1 to 2.8 μs is shown in the inset. As seen from the insets in Figures 6A–C, different frequency components of the SFM probe experience different Brillouin gains. Data arrangements for each column of the single-pulse Brillouin gain matrix are further performed to get the BGS at each fiber location. The Brillouin gain trace under the 10.88-GHz pump-probe frequency difference is shown as the blue curve in Figure 6D. The Brillouin gain trace exhibits periodic Brillouin gain dips with full widths of ∼ 3 m (see the inset in Figure 6D), which matches well with the numerical simulation results.
[image: Figure 6]FIGURE 6 | (A) 1st row of the acquired raw data matrix. (B) 1st row of the logarithmically normalized cumulated Brillouin gain matrix. (C) 1st row of the decoded single-pulse Brillouin gain matrix before data arrangement. (D) decoded single-pulse Brillouin gain traces under the pump-probe frequency difference of 10.86 GHz after data arrangement.
A second measurement with a pump time delay of 30 ns with respect to the first measurement is implemented to re-measure the Brillouin gains at these gain-dip regions. The decoded single-pulse Brillouin gain trace under the 10.86-GHz pump-probe frequency difference in the second measurement is shown as the red curve in Figure 6D. The combined Brillouin gain trace obtained using the same way in the simulation is shown as the green curve in Figure 6D, the Brillouin gain dips can be perfectly eliminated. The results in Figure 6D indicate that TE can be as short as 60 ns and thus TP can be as short as 900 ns. Accordingly, the duration of the 512-bit Golay-coded sequence can be as short as 460.8 μs. A smaller code sequence duration means a smaller amount of raw data for acquisition and processing.
In order to assess the coding gain offered by the 512-bit Golay coding, a single-pulse BOTDA with the same 23-dBm peak pump power is experimentally performed. The probe power is set to −6 dBm—the maximum allowable value for the conventional dual-sideband probe [8, 11]. The measured SNR of the Brillouin gain versus distance is shown as the blue curve in Figure 7A, which is ∼ −8.3 dB at the far fiber end. For a fair comparison, the power of the SFM probe is reduced to −6 dBm. The measured SNR of the Brillouin gain versus distance for the Golay-coded BOTDA is shown as the green curve in Figure 7A. As seen there, the Golay coding nearly brings no coding gain.
[image: Figure 7]FIGURE 7 | (A) SNR of the Brillouin gain versus distance for the Golay-coded BOTDAs based on the SFM probe with data acquisition voltage ranges of 1.5 V (green curve) and 0.15 V (red curve), and for a conventional single-pulse BOTDA with a data acquisition range of 0.15 V (blue curve). (B) Brillouin gain trace after 65 km for the data acquisition voltage ranges of 1.5 V (blue curve) and 0.15 V (black curve). By subtracting the gain depletion caused by the EDFA transient effect (i.e., the value at position (A), the gain depletion at the far fiber end is compensated (red curve).
The data acquisition voltage ranges for the single-pulse BOTDA and the Golay-coded BOTDA are different, i.e., 0.15 V for the former and 1.5 V for the latter. The acquisition resolution of the OSC is only 8 bits, so that much stronger quantization noise is introduced to the Golay-coded BOTDA. We then reduce the data acquisition voltage range to 0.15 V to acquire the signals from the LBF in the range 0.05–0.2 V. Under such a circumstance, only the Brillouin gain after 65 km can be decoded. The resulting Brillouin gain trace after 65 km is shown as the black curve in Figure 7B. For comparison, the Brillouin gain trace obtained under the 1.5-V voltage range is shown as the blue curve in Figure 7B, which has a much worse SNR. Besides, the transient effect of the EDFA3 introduces gain depletion to the Brillouin gain trace. The position-related gain depletion at the far fiber end can be obtained, i.e., the value of the black curve at position A. By subtracting the gain depletion from the black curve, the gain-depletion-compensated Brillouin gain trace is obtained and is shown as the red curve in Figure 7B. Its SNR versus distance is shown as the red curve in Figure 7B, which is ∼ 5.7 dB at the far fiber end. By using the same gain-depletion-compensation strategy, the SNR of the Brillouin gain for the single-pulse BOTDA at the far fiber end is improved to ∼ −5.2 dB. Hence, a coding gain of ∼ 10.9 dB at the far fiber end is realized by pulse coding, matching well with the theoretical 10.5-dB coding gain for a code length of 512 bits. Note that, for the other fiber positions, the SNR is impaired by quantization noise (before 65 km) and gain depletion from the EDFA (the whole sensing fiber). The two issues may be overcome by using an OSC with a higher data acquisition resolution and a pulsed EDFA [20].
The power of the SFM probe is set back to −3 dBm. Figure 8 shows the estimated BFSs Figure 8A along the whole sensing fiber and Figure 8B at the far fiber end. A hotspot is created near the far fiber end by placing a 28-m fiber segment in a water bath at a temperature of 50°C. The 25-MHz BFS change of this hotspot can be accurately measured with a 2-m spatial resolution, indicating that non-local effect can be effectively alleviated by our proposal. The BFS measurement uncertainty versus distance, calculated form the standard deviation (STD) value of the BFSs at each fiber position in consecutive 5-times measurements, is shown in Figure 9. A BFS measurement uncertainty of < 3 MHz along the whole sensing fiber is realized, which is expected to be reduced to < 2 MHz by using an OSC with a higher acquisition resolution. The calculated FoM of our SFM-based-BOTDA is about 630′000. To our best knowledge, this is the highest FoM realized by a repeaterless BOTDA until now (Table 1).
[image: Figure 8]FIGURE 8 | BFS distribution (A) along the whole sensing fiber and (B) at the far fiber end.
[image: Figure 9]FIGURE 9 | BFS measurement uncertainty versus distance.
TABLE 1 | FoM comparison of our work with recently published works.
[image: Table 1]If using the LFM probe to realize the same frequency scanning range over the same time period (TP = 900 ns), the frequency sweep rate would be as high as 225 MHz/900 ns = 0.25 PHz/s. 225-times time delay scanning with a step of 4 ns would be needed to construct the BGS, corresponding to a frequency scanning step of 1 MHz. The simulated acoustic wave amplitude versus time at z = 0 m for the LFM probe under a continuous pump is shown as the blue curve in Figure 10. Unlike the amplitude segmentally changed manner for the SFM probe as shown in Figure 3B, the frequency continuously changed probe generates the amplitude continuously changed acoustic wave. Its Lorentz fitting curve as shown as the red curve in Figure 10 indicates that the acoustic wave amplitude is slightly rightward-tilted.
[image: Figure 10]FIGURE 10 | Acoustic wave amplitude versus time at z = 0 m for the LFM probe.
Figure 11 shows the simulated BGS for the LFM and SFM probe methods under BFS offsets of Figure 11A 0 MHz and Figure 11B 75 MHz. The BGS is obviously rightward-tilted for the LFM probe method while is symmetrical for the SFM probe method. By Lorentz-fitting the simulated BGS, the retrieved BFS offsets for the LFM probe method are 4.34 and 80.05 MHz, respectively, indicating BFS estimation errors of 4.34 and 5.05 MHz, respectively. In contrast, the BFSs can be correctly estimated by using the SFM probe method. In order to experimentally assess the performance of the LFM probe method, a LFM microwave signal changing from 300 to 525 MHz with a duration of 900 ns is generated by the AWG. In addition, the microwave signal from the MG remains fixed at 10,663 MHz meanwhile 225-times time delay scanning with a step of 4 ns is performed for BGS measurement. The hot spot is placed at the near fiber end for high-SNR measurements. Figure 11 further shows the measured BGS under temperatures of Figure 11C 25°C (BFS offset of 0 MHz) and Figure 11D 100°C (BFS offset of 75 MHz) for the LFM and SFM probe methods. The BFS estimation errors at the two temperatures are 3.8 and 4.1 MHz when using the LFM probe method, while they are reduced to 0.5 and 0.8 MHz when using the SFM method. Note that, the LBF used for noise removing in data acquisition smooths the Brillouin gain trace, which leads to the slight mismatch between the results in Figures 11B,D. In addition, the slow response time of the AOM (∼6 ns) narrows the Brillouin linewidth to some extent as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Simulated BGS for the LFM and SFM probe methods under BFS offsets of (A) 0 MHz and (B) 75 MHz. Measured BGS for the LFM and SFM probe methods under temperatures of (C) 25°C and (D) 100°C.
The reason of the performance difference for the two methods is fundamentally related to the different temporal and spatial evolution properties of the acoustic waves governed by the different frequency modulation properties of the two types of probes. The Brillouin gain at a fiber position is related to the amplitudes of all the acoustic waves along a fiber segment covered by the pump (Eq. 4). For the LFM probe, the probe frequency varies along this fiber segment, so that it is hard to get the pure Brillouin gain response corresponding to a single probe frequency. What’s worse, the gain pureness would be related to Brillouin linewidth, BFS offset, and frequency sweep rate. This largely increases the measurement uncertainty of the sensor. Clearly, the gain pureness can be improved by reducing the frequency sweep rate. However, a smaller frequency sweep rate results in a longer code sequence duration and thus a larger raw data size.
CONCLUSION
In this work, the SFM probe for the reduction of non-local effects in Golay-coded BOTDAs has been theoretically proposed, numerically analyzed, and experimentally demonstrated. The corresponding fiber length of each segmental frequency can be as short as 6 m for a 20 ns pump. Even the probe power reaches −3 dBm under a cumulated peak Brillouin gain of 2.674, a hot spot near the far end of the 117.46-km sensing fiber can still be successfully detected, validating the effectiveness of our proposal in non-local effect mitigation. The duration of each segmental frequency is ultimately limited by and must be two-times larger than the Brillouin gain transition time. Otherwise, the measurement blind regions cannot be compensated. Further efforts may be used in overcoming the effect of the Brillouin gain transition. The proposed SFM-based-BOTDA may be employed for the ultra-long distance structure health and environment temperature monitoring of submarine oil pipelines and optic-fiber communication cables.
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