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Abstract: Video Block-Matching and 3D filtering (VBM3D) denoising has been demonstrated for
the first time to improve the SNR in BOTDA, achieving 0.54MHz BFS uncertainty at the far end
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1. Introduction

Brillouin optical time domain analyzer (BOTDA) has attracted much interest over the past three decades due to its
capability of distributed measurement of temperature/strain with excellent performance [1]. However, to achieve
long sensing distance beyond 100km is a challenge since the signal-to-noise ratio (SNR) becomes worse at the far
end of fiber due to the fiber attenuation. To extend the sensing range beyond 100km with acceptable spatial
resolution and measurement accuracy, some methods have been proposed including optical pulse coding [2], Raman
amplification [3], time/frequency-division multiplexing [4], random fiber laser amplification [5], Brillouin loss
regime [6], and optical chirp chain BOTDA [7]. But most of the above methods require modifications of the
conventional BOTDA setup which make the system complicated.

On the other hand, image denoising techniques have been used to improve the SNR without the need of
modifying the conventional setup, such as non-local means (NLM) and wavelet denoising (WD) [8]. Recently we
have proposed a novel Block-Matching and 3D filtering (BM3D) image denoising method to enhance the SNR [9].
BM3D combines the advantages of NLM and WD and hence shows less spatial resolution degradation and better
measurement accuracy. However, 2D BM3D image denoising can only handle the situation that the environment
condition is static and the measurand has no temporal evolution. In this paper, we extend the BM3D image
denoising to video denoising, i.e. 3D Vedio-BM3D (VBM3D), in order to add one more temporal dimension and
take the dynamical nature of environment into account. By using VBM3D denoising, the Brillouin frequency shift
(BFS) uncertainty has been improved to be 0.54MHz for 100.8km sensing distance and 2m spatial resolution, which
is the best accuracy achieved for 100km sensing distance.

2. BOTDA experiment setup

The BOTDA experiment setup shown in Fig. 1 is similar to that in Ref. [10]. The fiber under test (FUT) is 100.8km
long single mode fiber. The last 196m loose fiber section is put in the oven to evaluate the measurement accuracy at
the far end of the FUT. While another 2.3m loose fiber section is also kept inside the oven of 60°C to verify the
experimental spatial resolution. The rest of FUT is maintained at room temperature. 20ns pump pulse is used,
corresponding to 2m spatial resolution. The pump peak power and the probe power injected into the FUT are 20dBm
and -3dBm, respectively. A sampling rate of 500MSample/s and averaging times of 2000 are adopted for data
collection on an oscilloscope .
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Fig. 1. BOTDA experiment setup. EDFA: erbium-doped fiber amplifier, PC: polarization controller, EOM: electro-optic modulator, RF: radio
frequency, PG: pattern generator, VOA: variable optical attenuator, ISO: isolator, FUT: fiber under test, PS: polarization scrambler, FBG: fiber
Bragg grating, PD: photodetector.

3. VBM3D denoising for BOTDA sensors
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The flowchart of the proposed VBM3D denoising for BOTDA is shown in Fig. 2. Like 2D BM3D denoising, the
VBM3D denoising also includes three main steps: grouping by block matching, collaborative filtering and
aggregation [11]. Each 2D measurement of Brillouin gain spectrum (BGS) distribution along the FUT by the
BOTDA system forms one frame of a video sequence, e.g. Frame 1, 2, 3 in Fig. 2. And multiple video frames are
obtained by consecutive measurements and then are combined together to form the 3D video sequence, which will
be denoised by VBM3D. In VBM3D the search range of block matching is 3D video sequences rather than 2D
images as in BM3D, and the grouping is achieved by using predictive-search block-matching where some matched
blocks “M” similar to the reference one “R” are searched and grouped together into a 3D array for each reference
block in the video. Then the collaborative filtering includes 3D transformation and hard-threshold/Wiener filtering
of the grouped 3D arrays. At last, the final estimates of the true video frames can be obtained by aggregation of all
local estimates. For the collaborative filtering and aggregation, they are almost the same as those in BM3D [9].
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Fig. 2. Flowchart of the proposed VBM3D denoising for BOTDA. “M” and “R” represent the reference block and the matched ones.

In our experiment, 15 consecutive measurements of BGS distribution along the last 300m FUT have been taken
to form a video sequence with maximum frame number of 15. Then the video is denoised by VBM3D. It is worth
mentioning that the frame number determines the search range during block matching process and is a significant
parameter in VBM3D algorithm. At first we set the frame number to be the maximum value of 15, which means that
the block search range are the whole 15 measurements. Fig. 3(a) shows one of the 15 measured BGS distributions
along the last 300m FUT, where the two heated sections can not be observed due to very low SNR at the FUT end.
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Fig. 3. (a) one of the 15 measured BGS distribution along the last 300m FUT before denoising; (b) the corresponding BGS distribution after
denoising by using VBM3D with frame number of 15; (c) the corresponding BGS at the far end of FUT with/without denoising.

As a contrast, Fig. 3(b) gives the same BGS distribution after denoising by using VBM3D with frame number of 15,
showing the two heated sections clearly at the FUT end. The BGSs at the FUT end in Fig. 3(a) and (b) are plotted in
Fig. 3(c), implying that a clear local BGS can be reconstructed after denoising by VBM3D. By using Lorentzian
curve fitting together with the temperature coefficient (1.034MHz/°C) of the FUT, the corresponding temperature
distribution is obtained, as shown in Fig. 4. It is obvious that the temperature fluctuations are reduced largely after
denoising by VBM3D, and the temperature uncertainty at the far end of FUT is improved from 10.8°C of raw data to
0.52°C (0.54HMz BFS uncertainty) after denoising, as shown in Fig. 4(a). The temperature distribution around the
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Fig. 4. Temperature distribution before and after denoising by using the VBM3D with frame number of 15: (a) along the last 300m FUT; (b)
around the 2.3m heated section.
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2.3m heated section in Fig. 4. (b) shows an experimental spatial resolution of 2.6m, indicating a very small
degradation of spatial resolution after denoising. This result agrees well with our previous work of using BM3D
denoising for BOTDA in Ref. [9].

Then we change the frame number in VBM3D algorithm and analyze the denoising performance. Fig. 5 shows
the temperature uncertainty at the far end of FUT as a function of frame number, where the best temperature
uncertainty among all of the frames used for denoising is adopted. When the frame number is 1, it means there is
only one measurement and VBM3D works in the same way as 2D BM3D. The temperature uncertainty obtained by
using VBM3D with frame number of 1, 2, 5, 10 and 15 are 2.13, 1.93, 1.38, 1.12 and 0.52°C, respectively. With
increasing frame number, the temperature uncertainty decreases, indicating the superiority of the VBM3D over the
BM3D that VBM3D can make use of not only the spatial correlation of the data within each frame but also the
temporal correlation among different frames for denoising. Moreover, as a comparison we also give the temperature
uncertainty obtained by using linear averaging of multiple measurements, as given in Fig. 5. The temperature
uncertainty obtained using linear averaging of 1, 2, 5, 10 and 15 measurements are 9.0, 6.2, 4.1, 3.1 and 2.8°C,
respectively. It can be seen that the temperature uncertainty obtained by VBM3D is much smaller than that by linear
averaging, showing the capability of VBM3D to achieve signal denoising rather than averaging of redundant data.
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Fig. 5. Temperature uncertainty obtained by using VBM3D and linear averaging as a function of frame/measurement number.
4. Conclusions

We have proposed and demonstrated the use of VBM3D denoising to improve the measurement accuracy of
BOTDA for the first time. By using 15 consecutive video frames for denoising, the BFS uncertainty of 0.54MHz has
been achieved at the far end of 100.8km sensing fiber with 2m spatial resolution, which is the best accuracy
achieved for fiber length beyond 100km. We believe VBM3D denoising would be helpful for long distance sensing,
especially in dynamical environment.
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