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Abstract: Non-local mean (NLM) can significantly improve the signal-to-noise ratio (SNR), but it
inevitably reduces the spatial resolution of distributed optical fiber sensors (DFOS), which hinders
its practical application and the improvement of DFOS performance. In this paper, the quantitative
relationship between the signal broadening of a phase-sensitive optical time-domain reflectometer (¢-
OTDR) and the NLM parameters is analyzed to identify the cause and extent of the spatial resolution
degradation. The denoising results for the mimic periodic and ¢-OTDR vibration signals indicate that
the signal broadening is mainly due to the similarity window size of NLM, and the signal amplitude
reduction is caused by the Gaussian smoothing parameter. Compared with the reference signals, the
signal broadening of the mimic and ¢-OTDR signals after denoising are 2.56% and 2.74%, respectively,
which is much less than the previous results. The signal amplitude is reduced by 9.25% and 13.62%,
respectively. This work promotes the application of NLM and improves the performance of DFOS.

Keywords: correlation; image processing; optical time domain reflectometry; rayleigh scattering

1. Introduction

Non-local means (NLM) is a widely used technique that can greatly enhance the perfor-
mance of distributed fiber optic sensors (DFOS) by exploiting the similarity and redundancy
in two-dimensional signals [1-6]. The basic idea of NLM is the weighted average of the
similarity windows in the image. The weight of each similarity window depends on the
grayscale similarity between corresponding pixels in the original and similarity window,
as well as the Euclidean distance between the original and similarity window. However, its
performance is more unpredictable as the signal-to-noise ratio (SNR) enhancement highly
depends on the data being denoised [6]. Subsequently, many studies have reported that
their image processing method (IPM) can achieve higher SNR than NLM [7-14]. However,
these study results may not be objective, as most IPM parameter optimizations are based on
noise levels that cannot be accurately measured in practice [5,6,15,16]. To address this issue,
we proposed a signal estimation-based IPM parameter optimization method to objectively
evaluate the denoising results of various IPMs on the vibration signal of a phase-sensitive
optical time-domain reflectometer (¢9-OTDR) [17,18]. The evaluation results show that the
denoising quality of IPMs from high to low are NLM, wavelet denoising, and Bilateral
filter. Although NLM can achieve better SNR than other IPMs, it may deteriorate the
spatial resolution (SR) of DFOS [6]. Therefore, various methods, such as wavelet denoising,
Bilateral filter, Block Matching and 3D filtering, and video-Block Matching and 3D filtering,
have been attempted to improve the SR besides the measurement accuracy (MA) [5,8-10].
Recent studies have shown that the SR for ideal data and original noisy data is 0.4 m, and it
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retains 0.4 m by Brillouin spectrum-reassembly filter, but the SR deteriorates to 1.5 m by
NLM filter [19]. The combination of NLM and Gaussian filter can effectively improve
the performance of the distributed Brillouin fiber sensor compared to the results obtained
with NLM, enabling a 22% improvement in MA in the non-transition section and an 84%
improvement in SR in the transition section [20]. Anisotropic diffusion provides better
measured MA and SR than the other three methods (wavelet denoising, NLM, Block Match-
ing and 3D filtering), but worsens the root mean square error (RMSE) in experiments [13].
Then, the asynchronous anisotropic diffusion (AAD) algorithm reduced the RMSE to a
level comparable to those obtained by the other three methods, and the SRs of AAD (2.23 m,
3.25 m, and 2.71 m) are much higher than those of NLM (8.03 m, 8.64 m, and 5.24 m) at
temperatures of 40 °C, 50 °C, and 60 °C, respectively [14]. Moreover, the total variation
deconvolution algorithm increases the SR of 40/60 ns differential pulse-width pair signals
to 0.5 and 1 m [21]. The frequency domain feature filter (0.78 °C, 8.2 m) achieves better
temperature measurement uncertainty and SR for Brillouin scattering signal denoising
than the NLM filter (0.84 °C, 8.5 m) [22]. Both methods are much worse than the average
of 5000 measurements (0.58 °C and 7.8 m). Additionally, the neural network can also
significantly improve both MA and SR [23-25], but usually requires a lengthy data training
process. Some methods based on special optical fiber and structure have been used to
improve the SR and MA, but the cost of special fiber itself and installation is relatively
high [26-28]. In short, the SRs obtained by the aforementioned filters are even several
times better than that of NLM, which means that the signal broadening caused by NLM
parameter can be very severe. However, the cause of SR deterioration after NLM denoising
has not yet been analysed and the degree of SR deterioration due to improved MA has not
been quantified.

In this paper, the reason for the signal broadening of ¢-OTDR is explored by quantita-
tively analysing the relationship between SR and the NLM parameters. Firstly, a procedure
is presented to quantify the effect of the NLM parameters on the SR of ¢-OTDR. Secondly,
the relationship of the SR and MA with each NLM parameter is analysed based on a
simulated noisy periodic signal and a measured ¢-OTDR vibration signal, respectively.
Lastly, the NLM parameter that has the greatest effect on signal broadening is determined,
and the extent of signal broadening is evaluated when the NLM parameters are optimal.
This work helps to improve the SR and MA of ¢-OTDR and the performance of vibration
signal recognition [29].

2. Processing Steps for Signal SR Affected by NLM Parameters
2.1. ¢-OTDR Signal

The same setup and actual signal data as in previous work [17] are used to investigate
the cause and extent of SR degradation of ¢p-OTDR signal. In this study, the first 40 m of
sensing fiber is applied to an ambient weak vibration, while the remaining 60 m is kept
stationary. As shown in Figure 1a, 100 adjacent backscattered light traces are subtracted
from the previous one to form a two-dimensional signal. The signal broadening and
amplitude of the denoised trace are expressed as the full width at half maximum (FWHM)
and amplitude (AM) of the signal trace, respectively, as shown in Figure 1b. For the
convenience of observation, the FWHM and AM of the denoised signal trace are scaled to
those before denoising, namely, FWHM,,/FWHM, and AM,,/ AMj.
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Figure 1. (a) Vibration signal of ¢-OTDR, (b) FWHM represent the SR of ¢-OTDR.

2.2. NLM Parameters

The basic principle of NLM is to perform a weighted average of similarity windows in
an image, which makes full use of redundant information to remove noise and improve
image quality [30]. Despite its effectiveness, the filtering parameters of NLM, which include
the Gaussian smoothing parameter (GSP), similarity window size (SIWS), and search
window size (SEWS), can significantly impact the SR and MA of the denoised signal. The
GSP is the width of the smoothing kernel used to remove noise and parts of signal details,
which is usually set to a constant multiple of the noise level in the image. The SIWS is a
smoothing kernel for weighted averaging of image patches with a size comparable to the
smallest detail in the image. The SEWS is a search window that should be large enough
to contain as many similarity windows as possible. Therefore, it is necessary to optimize
the NLM parameters to achieve a better denoising quality of ¢-OTDR signal, which can be
evaluated by an indicator similar to SNR, namely, the first cycle lag of the autocorrelation
function (FCL-ACF) [17]. In addition, it is important to use an objective index to evaluate
the denoising quality of the denoised signal because the conventional SNR requires to
accurately estimate noise level. However, it is difficult to realize in practice. Therefore,
an objective assessment index, FCL-ACEFE, has been demonstrated to compare different
image processing methods in our previous work.

2.3. Steps for Obtaining the Relationship between FWHM and NLM Parameters

To quantify the SR of the signal, as shown in Figure 2, the signal broadening and
amplitude change caused by the GSP are calculated by the following steps:

1.  Input a noisy signal;

2. Calculate the FWHMj and AMj of the reference signal;

3. Denoise the noisy signal with SIWS =10, SEWS = 100, and the GSP increasing from
0.02 with a step of 0.001;

4. Calculate the FWHM,, and AM,, of the denoised signal;

5. Repeat steps 3 to 4 until the GSP reaches 0.1;

6. Calculate the FWHM,,/FWHM, and AM,,/ AM.

As a result, the change of the signal broadening (FWHM) and amplitude (AM) of the
denoised trace with the GSP can be analysed. The quantitative relationship between the
SR and the other NLM parameters (SIWS and SEWS) can also be obtained by the similar
processing steps. When the filter parameters are set to inappropriate values, the SNR of the
filtered signal is usually very low. To accurately obtain the spatial resolution of the signals
with low SNR, a sixth-order nonlinear fitting to the noisy signal is performed.
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Figure 2. Analysis steps of the relationship between the SR of DFOS and the NLM parameters.

3. SR of Simulated Signals Varies with the NLM Parameters

As shown in Figure 3, a mimic clean image contaminated by noise with an amplitude
of 0.2 is utilized to measure the impact of NLM parameters on the FWHM and amplitude.

fo= O.35in<i—;(x) sin(i—ny) (x,y) € [1,126] (1)

where (x, y) is the pixel position of the image.
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Figure 3. (a) A clean image and (b) Corrupted by noise.

3.1. FWHM Varies with NLM Parameters

The traces denoised with three GSP values (0.02, 0.052, 0.1) are significantly different
from the clean trace (blue line) when SIWS = 10 and SEWS = 100, as shown in Figure 4a.
Obviously, the GSP = 0.02 has little denoising effect on the noisy trace. Figure 4b shows
that the FWHM,,/FWHM, decreases rapidly from 1.15 to 0.99 and then decreases slowly as
GSP increases from 0.02 to 0.1. It decreases to 1.0029 (red asterisk), as shown in Figure 4b,
when the optimal GSP results in the best denoising quality (FCL-ACF reaches its maximum
0.052 [17]), as shown in Figure 4d. Compared with the FWHM,, the FWHM,, of the
denoised trace is only 0.29% wider than the FWHM)] of the clean one. Thus, if the GSP is
optimal, the signal broadening of the denoising trace is less affected by the GSP.
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Figure 4. The FWHM, AM, and FCL-ACF vary with each NLM parameter (GSP, SIWS, and SEWS)
based on the simulated signal: (a) Trace profile vs. GSP; (b) FWHM vs. GSP; (c¢) AM vs. GSP;
(d) FCL-ACEF vs. GSP; (e) Trace profile vs. SIWS; (f) FWHM vs. SIWS; (g) AM vs. SIWS; (h) FCL-ACF
vs. SIWS; (i) Trace profile vs. SEWS; (j) FWHM vs. SEWS.; (k) AM vs. SEWS; (1) FCL-ACF vs. SEWS.

The traces denoised with three SIWS values (3, 14, 26) are almost identical to the
clean trace (blue line) when GSP = 0.052 and SEWS = 100, as shown in Figure 4e. Obvi-
ously, the SIWS = 3 has little denoising effect on the noisy trace. Figure 4f shows that the
FWHM,,/FWHMj changes sharply when the GSP and SEWS are 0.052 and 100, respec-
tively, and the SIWS increases from 3 to 26. It expands to 1.0184 (red asterisk), as shown
in Figure 4f, when the optimal SIWS results in the best denoising quality (FCL-ACF
reaches its maximum 14 [17]), as shown in Figure 4h. Compared with the denoised result
(FWHM,,/FWHM, = 1.0029) in Figure 4b, the FWHM,,/FWHM is significantly increased
by 1.55%. Therefore, even if the GSP and SIWS are optimal, the signal broadening of the
denoising trace is still severely affected by the SIWS.

The traces denoised with three SEWS values (20, 251, 260) are almost identical to the
clean trace (blue line) when GSP = 0.052 and SIWS = 14, as shown in Figure 4i. Obviously,
the SEWS = 260 has no denoising effect on the noisy trace. Figure 4j shows that the
FWHM,,/FWHM]j fluctuates slightly as the SEWS increases from 30 to 251, except for
very small (<30) or very large (>251) SEWS when the GSP and SIWS are the optimal
values of 0.052 and 14, respectively [17]. It increases to 1.0256 (red asterisk), as shown
in Figure 4j, when the optimal SEWS results in the best denoising quality (FCL-ACF
reaches its maximum 251 [17]), as shown in Figure 4l. Compared with the denoised result
(FWHM,,/FWHM, = 1.0184) of Figure 4f, the FWHM,,/FWHM)) increases by only 0.72%.
Therefore, the signal broadening of the denoised trace is not significantly affected by the
SEWS when the GSP, SIWS, and SEWS are optimal.

3.2. AM Varies with NLM Parameters

Figure 4c shows the AM,,/AMj of the denoised trace decreases continuously from
1.02 to 0.65 when SIWS and SEWS are 10 and 100, respectively, and GSP increases from
0.02 to 0.1. It becomes 0.9045 (red asterisk), as shown in Figure 4c, when the optimal
GSP results in the best denoising quality (FCL-ACEF reaches its maximum), as shown in
Figure 4d. The AM,, of the denoised signal is 9.55% lower than AMj of the clean signal.
Thus, the amplitude is heavily smoothed by the GSP even if the GSP is optimal.

Figure 4g shows that the AM,,/ AMj remains almost constant when the GSP and SEWS
are 0.052 and 100, respectively, and the SIWS increases from 3 to 26. It becomes 0.9079
(red asterisks), as shown in Figure 4g when the optimal SIWS results in the best denoising
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quality (FCL-ACEF reaches its maximum), as shown in Figure 4h. This value is only 0.35%
lower than that in Figure 4c. Thus, the amplitude is almost unchanged by SIWS if the GSP
and SIWS are optimal.

Figure 4i shows that when the GSP and SIWS are set to optimal values of 0.52 and
14, respectively, and the SEWS increases from 20 to 260, the AM,,/ AMj fluctuates only
slightly, except for very small (<30) or very large (>251) SEWS value. It drops to 0.9075
(red asterisk), as shown in Figure 4i, when the optimal SEWS results in the best denoising
quality (FCL-ACF reaches its maximum), as shown in Figure 41. This value is only 0.04%
lower than that in Figure 4g. Thus, the amplitude is very little affected by SEWS when the
GSP, SIWS, and SEWS are optimal.

3.3. Analysis

As listed in Table 1, after optimizing the NLM parameters one by one, the FWHM,,/FWHM
expands to 100.29%, 101.84%, and 102.56%, respectively, and the AM,,/AM; becomes
90.45%, 90.79%, and 90.75%, respectively.

Table 1. FWHM, AM, and FCL-ACEF of the denoised signal affected by each NLM parameter based
on a mimic signal.

Parameter FWHM,,/FWHM, AM,,/AM, FCL-ACF
GSP 100.29% 90.45% 0.9888
SIWS 101.84% 90.79% 0.9963
SEWS 102.56% 90.75% 0.9978

The FWHM,, broadening caused by each NLM parameter is 0.29%, 1.55%, and 0.72%,
respectively, which indicates that the FWHM broadening is mainly caused by the SIWS.
The AM,, change caused by each NLM parameter is 9.55%, 0.05%, and —0.04%, respectively,
which indicates that the decrease in AM is mainly caused by the GSP. It is worth noting
that if all the NLM parameters are optimal, the FWHM of the denoised trace only expands
by only 2.56% compared with that of the clean trace, which is much less than the previous
results [13,14,19,20,22]. The total signal amplitude is reduced by 9.25% compared with the
clean trace.

4. SR of ¢-OTDR Signals Varies with NLM Parameters

As shown in Figure 1a, the ¢-OTDR signal is denoised by NLM. The signal trace with
the largest intensity is analysed to obtain the relationship between the SR of ¢-OTDR and
the NLM parameters. It is better to use a clean reference signal to precisely evaluate the
degree of SR degradation. In the absence of a clean signal, only the raw signal can be used
to evaluate SR degradation.

4.1. FWHM Varies with NLM Parameters

The traces with the highest intensity are denoised with three GSP values (0.033, 0.047,
0.06) respectively when the SIWS = 7 and SEWS = 80, respectively, as shown in Figure 5a.
There is no noticeable difference between the traces in the first 40 m of sensing fiber, while
there is a significant difference in the last 60 m. The FWHM,,/FWHM increases and then
decreases as the GSP increases from 0.034 to 0.057, as shown in Figure 5b. It reaches the
maximum of 0.9991 (red asterisk), as shown in Figure 5b, when the optimal GSP results
in the best denoising quality (FCL-ACF reaches its maximum 0.047 [17]), as shown in
Figure 5d. The FWHM,, of the denoised trace is 0.09% lower than the FWHMj) of the raw
trace. Thus, the signal broadening of the denoised trace is almost unaffected by the GSP
when the GSP is optimal.

The traces are denoised with three SIWS values (2, 9, 26), respectively, when GSP = 0.047
and SEWS = 80, as shown in Figure 5e. The FWHM,,/FWHM), fluctuates slightly as the
SIWS increases from 2 to 26, except for the small SIWS. It increases to 1.0268 (red asterisk),
as shown in Figure 5f, when the optimal SIWS results in the best denoising quality (FCL-



Photonics 2023, 10, 529

7 of 10

ACF reaches its maximum 9 [17]), as shown in Figure 5h. It is 2.77% larger than that of
Figure 5b. Thus, the signal broadening of the denoised trace is severely affected by the
SIWS even if the GSP and SIWS are optimal.
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Figure 5. The FWHM, AM, and FCL-ACF vary with each NLM parameter (GSP, SIWS, and SEWS)
based on the ¢-OTDR signal: (a) Trace profile vs. GSP; (b) FWHM vs. GSP; (c) AM vs. GSP;
(d) FCL-ACEF vs. GSP; (e) Trace profile vs. SIWS; (f) FWHM vs. SIWS; (g) AM vs. SIWS; (h) FCL-ACF
vs. SIWS; (i) Trace profile vs. SEWS; (j) FWHM vs. SEWS; (k) AM vs. SEWS; (1) FCL-ACF vs. SEWS.

The traces are denoised with three SEWS values (60, 196, 206), respectively, when
GSP = 0.047 and SIWS =9, as shown in Figure 5i. The FWHM,,/FWHMj is almost un-
changed as SEWS increases from 50 to 210, as shown in Figure 5j. It reaches 1.0274 (red
asterisk), as shown in Figure 5j, when the optimal SEWS results in the best denoising quality
(FCL-ACEF reaches its maximum 196 [17]), as shown in Figure 51. The FWHM,,/FWHM; of
Figure 5j is 0.06% higher than that of Figure 5f. Thus, the signal broadening of the denoised
trace is almost unaffected by the SEWS when the GSP, SIWS, and SEWS are optimal.

4.2. AM Varies with NLM Parameters

Figure 5c¢ shows the AM,,/ AM, decreases monotonically from 0.8662 to 0.8623 when
the SIWS and SEWS are 7 and 80, respectively, and the GSP increases from 0.034 to 0.057. It
decreases to 0.8649 (red asterisk), as shown in Figure 5c, when the optimal GSP results in the
best denoising quality (FCL-ACF reaches its maximum), as shown in Figure 5d. The AM,,
of the denoised trace is 13.51% less than the AMj of the raw trace. Thus, the amplitude of
the denoised signal is severely reduced by the GSP even if the GSP is optimal.

Figure 5g shows that when the GSP and SEWS are 0.047 and 80, respectively, and the
SIWS increases from 2 to 26, the AM,,/ AMj fluctuates slightly except for very small SIWS.
It is 0.8641 (red asterisk), as shown in Figure 5g, when the optimal SIWS results in the best
denoising quality (FCL-ACF reaches its maximum), as shown in Figure 5Sh. The AM,, of the
denoised trace decreases by 0.08% compared with the AM,,/ AMj (red asterisk) of Figure 5c.
Thus, the amplitude of the denoised signal is basically unaffected by the SIWS when the
GSP and SIWS are optimal.

Figure 5i shows that when the GSP and SIWS are 0.047 and 9, respectively, and the
SEWS increases from 50 to 210, the AM,,/ AM, remains almost constant, except for very
large SEWS. It becomes 0.8638 (red asterisk), as shown in Figure 5i, when the optimal SEWS
results in the best denoising quality (FCL-ACF reaches its maximum), as shown in Figure 51
The AM,, of the denoised trace decreases by 0.03% compared with the AM,,/AMj (red
asterisk) of Figure 5g. Thus, the amplitude of the denoised signal is almost unaffected by
SEWS when the GSP, SIWS, and SEWS are optimal.
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4.3. Analysis

By optimizing the NLM parameters, as listed in Table 2, the FWHM,,/FWHM, be-
comes 99.91%, 102.68%, and 102.74%, respectively, and the AM,,/ AMy decreases to 86.49%,
86.41%, and 86.38%, respectively. The FWHM,, broadening caused by each NLM parameter
is —0.09%, 2.77%, and 0.06%, which indicates that the FWHM broadening is mainly caused
by the SIWS. The AM,, change caused by each NLM parameter is 13.51%, 0.08%, and 0.03%,
respectively, which indicates that the decrease in AM is mainly due to the GSP. When all
the NLM parameters are optimal, the denoised trace is only broadened by 2.74% compared
with the raw trace, which is much less than the previous results [13,14,19,20,22]. The total
signal amplitude is reduced by 13.62% compared with the raw trace.

Table 2. FWHM, AM, and FCL-ACEF of the denoised signal affected by each NLM parameter based
on a ¢-OTDR signal.

Parameter FWHM,,/FWHM, AM,,/AM, FCL-ACF
GSP 99.91% 86.49% 0.372
SIWS 102.68% 86.41% 0.422
SEWS 102.74% 86.38% 0.445

5. Discussion

As reported in previous studies, the deterioration of SR due to NLM is compared with
the corresponding data as listed in Table 3. The ratio of SR deterioration caused by NLM is
calculated using the following equation:

NLM SR — Corresponding SR

SR Degradation percentage = Corresponding SR

x 100%, )

where NLM SR represents the SR of the signal denoised by NLM, the corresponding SR
states the SR of the signal obtained from the AAD [14], the ideal data [19], the Gaussian
filtered results [20], and the data averaged over 5000 measurements [22], respectively.
Compared to the corresponding SR of the AAD, Gaussian filtering, and the average of
5000 measurements, the SR degradation percentages caused by NLM are 93%, 275%, 84%,
and 8.97%, respectively. These results are much worse than our findings, where the SR
degradation percentages for the mimic signal and the measured ¢-OTDR signal were 2.56%
and 2.74%, respectively. The main reason for SR deterioration is the use of inappropriate
NLM parameters, especially the small SIWS. Therefore, it is essential to optimize the
filtering parameters of image processing methods before evaluating the SR degradation.
Recently, FCL-ACF has been proven to be suitable for optimizing NLM parameters [17].
However, it is only suitable for periodic signals. As a result, the SR degradation evaluation
method proposed in this menuscript is applicable to perodic signals. Although it cannot be
used to evaluate non-periodic signals, the degree of SR degradation caused by NLM can
provide reference for other DFOS such as B-OTDR and R-OTDR. It is worth mentioning
that although the SR degradation of the mimic signal and the measured ¢-OTDR signal
were evaluated using clean and noisy signals, respectively, the difference in SR degradation
(2.56% and 2.74%) is very small. To improve the MA without significantly reducing
SR, the SIWS should be comparable to the smallest details in the signal. In this case,
the appropriate SIWS is the period of the signal.

Table 3. The degradation of NLM SR compared to the corresponding SR.

SR Degradation ADD [14] Ideal Data[19] Gaussian Filter [20] 5000 Average [22]
Percentage 93% 275% 84% 8.97%
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6. Conclusions

The cause and the extent of the SR of DFOS affected by NLM parameters were explored
through quantitative analysis of the relationship between the FWHM of the signal trace
and the NLM parameter based on the mimic and measured ¢-OTDR signals. The analysis
results show that the deterioration of the SR caused by the NLM parameters is ranked from
high to low as follows:

For the denoised mimic signal,

e 1.55% (SIWS) > 0.72% (SEWS) > 0.29% (GSP);

For the denoised ¢-OTDR signal,

*  2.77% (SIWS) > 0.06% (SEWS) > —0.09% (GSP).

The degradation of the signal AM caused by the NLM parameter is ranked from high
to low as follows:

For the denoised mimic signal,

*  9.55% (GSP) > 0.05% (SIWS) > —0.04% (SEWS);

For the denoised ¢-OTDR signal,

e 13.51% (GSP) > 0.08% (SIWS) > 0.03% (SEWS).

Therefore, the main reason for the deterioration of the SR is the SIWS, while the main
reason for the degradation of signal AM is the GSP. The total FWHM broadening of the
mimic and measured ¢-OTDR signals after denoising are 2.56% and 2.74%, respectively,
which is much less than the previous results [13,14,19,20,22]. Therefore, the SR of DFOS
only slightly deteriorates when the best SNR of DFOS is obtained using NLM with optimal

parameters. This work contributes to the simultaneous improvement of SR and MA of
DFOS by using NLM.
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