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Continuous Fading Suppression Method for $-OTDR
Systems Using Optimum Tracking Over
Multiple Probe Frequencies
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Abstract—The demand for distributed acoustic sensors, which
are capable of reconstructing the amplitude, frequency, and
phase of an acoustic field, is increasing. These sensors are typi-
cally realized by phase-sensitive optical time-domain reflectometry
(®@-OTDR). However, common ®-OTDR systems suffer from a fad-
ing phenomenon, which causes amplitude fluctuation on Rayleigh
backscattering traces, and the scattered light may not have enough
intensity in some regions. These areas have low amplitude backscat-
tering that may be even lower than the system noise floor during
some periods of time. Therefore, we cannot reconstruct the phase
signal properly in such low intensity areas. Systems with multi-
ple frequencies have been proposed to achieve fading suppression.
However, online data processing of such schemes remains a chal-
lenge, especially for continuous in-field applications. Prediction of
fading must be performed in real time. Any delay caused by mas-
sive calculations is not acceptable. In this paper, a continuous fading
suppression method based on a &-OTDR system with three differ-
ent probe frequencies is presented as well as a tracking algorithm
for selecting the optimum probe signal for any time, which predicts
the occurrence of fading before it actually occurs. The performance
of the proposed method has been experimentally evaluated and sta-
tistically analyzed. The distortion induced by the fading effect could
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be suppressed to 1.15% under continuous real-time running. The
method is highly effective and repeatable, which makes it suitable
for practical online purposes.

Index Terms—Fading effect suppression, multi-frequency,
optimum-tracking, phase-sensitive optical time domain reflectom-
etry (-OTDR).

I. INTRODUCTION

NLIKE conventional sensors that measure a single po-
U sition, distributed optical fiber sensors can detect mea-
surements all over the fiber. In recent years, there has been a
growing interest in distributed acoustic sensors (DASs), which
are capable of reconstructing the full vector field, namely the
amplitude, frequency, and phase, of an acoustic event. Using
Rayleigh backscattering (RBS) light waves in optical fibers is
one of the major techniques in DAS systems. This kind of sys-
tem injects probe light into the fiber and measures the phase
changes of the RBS that result from random inhomogeneities
that are inevitably formed during the manufacturing procedure.
For each location along the fiber, the phase of the scattered light
is specific to the location and to the carrier frequency of the
probe pulse. [1] The RBS based DAS is commonly realized by
a phase-sensitive optical time domain reflectometry (®-OTDR)
scheme, which originates from OTDR but utilizes a highly co-
herent laser as the light source. This technology has been widely
used in many applications, such as structure health monitoring,
intrusion detection, underwater acoustics, and seismic monitor-
ing. However, ®-OTDR has the problem of fading, which causes
amplitude fluctuation on RBS traces. The origin of fading is com-
monly considered the random nature of RBS, which results in a
speckle-like phenomenon. In many ®-OTDR systems, the coher-
ent optical backscattering power changes by a factor of 1000 in
a fiber under test (FUT). When the intensity of the backscattered
light drops into the fading areas, the signal-to-noise ratio (SNR)
is not good enough to achieve valid signal demodulation, lead-
ing to a high rate of false events [1]. Healey ef al. determined
that the speckle-like phenomenon cannot stationary occur be-
cause of the random behavior of inhomogeneous scattering and
laser source instabilities. The fading can be relieved by averag-
ing various RBS traces over time directly or by a randomization
process [2]. However, because the unintentional distributions of
strains and temperature along the fiber are spatially random but
relatively temporally stable, the fading cannot be vanished
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by simply averaging over multiple scans with a fixed probe
frequency.

One of the first methods to overcome fading was the frequency
hopping technique using a laser source. This method changed the
laser frequency gradually by changing the temperature and the
backscattered signal integration. Although this technique could
successfully reduce the amplitude fluctuation, it requires thou-
sands or even tens of thousands of averages, which makes it
unsuitable for online applications. In addition to the massive
mathematical process, altering the temperature is not an accu-
rate way of changing the central frequency. It also causes drifting
in the state of polarization and can result in unexpected changes
to the RBS light. This research mainly focused on OTDR de-
signed for long-term submarine cable monitoring. However, the
idea could be instructive for ®-OTDR [3], [4].

Time-gated digital optical frequency domain reflectometry
(TGD-OFDR) was used for an OFDR system. Although OFDR
is targeted for the frequency domain, time-gated OFDR can be
exploited as a DAS function. Researchers [5] used an inten-
sity modulator, and it had a large modulation bandwidth. This
modulator created both positive and negative frequencies that
could be used to suppress fading. This method may be good for
OFDR; however, in a heterodyne ®-OTDR, negative and pos-
itive frequencies have the same beat signals, and it is difficult
to separately demodulate them. However, one interesting appli-
cation is to adopt the similar idea of time gating to $-OTDR
systems [5]. The multi-frequency nonlinear frequency modula-
tion (NLFM) optical pulse is another method to suppress fad-
ing. This method produces a CW light with nonlinear tuning
frequencies. In this method, the light pulse first was boosted,
and then RBS was compressed to suppress the optical nonlinear
effects. This compression occurred during signal processing to
obtain higher probe pulse energy without sacrificing the spa-
tial resolution. Then, the overall SNR increases, which reduces
the probability of fading. However, for long-distance measure-
ments, when the RBS intensity attenuates in the far end of the
sensing fiber, fading is still a problem [6].

By injecting independent frequencies into the probe light,
the fading phenomenon all through the FUT could possibly be
avoided because the location of fading areas are different for
independent probe frequencies [1], [7]. It has been confirmed
that the location of fading points varies with the drifting of the
central frequency of the laser [8]. Therefore, a simulated model
has been proposed that considers the propagation phase factor
and multiplies it with a random Gaussian distributed scattering
coefficient. The simulation was only calculated for 40 msec;
thus, the longtime evolution of fading has not been studied [9].
Hartog et al. studied the amplitude and SNR enhancement for a
seismic sensing system using multiple probe frequencies. They
aggregated the data obtained to substantially reduce the noise
caused by fading. As well as reducing the effects of fading, the
aggregation of the independent results also helped to reduce the
overall noise of the measurement and improve the linearity of
the distributed vibration sensing system. However, in the case of
seismic waves, it does not require a long sensing time, and the
incoming perturbation only lasts for a few seconds. Therefore,
they did not have the problem of dynamic selection of probe
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frequencies. Moreover, they focused more on the fading effect
suppression for the amplitude, and the phase signal behavior in
the fading zones was not discussed [1]. In all these studies, fad-
ing suppression has only been performed for a very short time,
whereas the RBS for a given region proceeds to fading state
and comes out of it very slowly but continuously. Therefore, the
monitoring time must be at least several hundreds of seconds
to provide enough time to all scattering regions to experience
fading several times.

In this paper, we present a practical continuous fading sup-
pression method that can reconstruct the phase signal with a high
accuracy. We utilized a coherent ®-OTDR system with three
independent frequencies, which is supported by an optimum-
tracking algorithm that can predict the fading phenomenon and
chooses the optimum probe frequency that provides the best
phase signal for each moment. This method was experimentally
tested on a very long recorded dataset, which could continuously
suppress the fading phenomenon, and it has the desired output
phase signal.

II. PRINCIPLES OF PHASE DEMODULATION
OVER MULTIPLE FREQUENCIES

In a heterodyne ¢-OTDR system, the photocurrent, ¢, of a
photodetector after bandpass filtering can be expressed as [10]:

ihet = 2E1,Eyexp [j (Awt + @ (t))] (1)

where Fjo is the electric field of the optical local oscillator,
Ey is the electrical field of RBS light, Aw is frequency shift
provided by a modulator, and @(¢) is the phase of the RBS. We
can simplify it to:

ihet X Egcos (Awt + P (1)) 2)

where Ej is the magnitude of the electric field. The changes
in backscattered phase signal are highly nonlinear [7]. There-
fore, in vibration sensing applications, it is common to use the
phase difference between two specific points. For each location
along the fiber, the amplitude and phase of the scattered light
are specific to the location. We can observe any zone along the
fiber by selecting reference sections before and after that area
and analyze the relative phase changes between them. When ob-
serving an area with a length of L, we can consider having two
regions, such as A and B (Fig. 1), to compare the phase differ-
ence between the backscattered light from the two sections [7].
Regardless of fiber loss, the backscattered electric field from A
and B at the photodetector is given by:

E4 = EyCos[(Awt + ® 4)] 3)
Ep = EqCos [(Awt + O p)] 4)

Fig. 1 shows how an external perturbation that induces extra
stress on the fiber and results in a change in length. The change in
length is directly related to the change in relative phase between
the two regions. Any external perturbation within two specific
points changes the phase of the backscattered light [11].

4mn
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Fig. 1. Principles of dynamic strain and its influence on the phase before and
after vibration.

Here, n is the refractive index of the fiber, and X is the wave-
length of probe light. Any disturbance event that occurred within
the two points can be monitored by demodulating the phase dif-
ference change, A®.

Because bandpass filtering is used to extract each beat fre-
quency, the in-band noises in our system inherit the same fre-
quency, Aw, as the beat signal. If we consider the noises of active
devices as broadband white noises and we bandpass them, then
we can rewrite the output photocurrent as

ihet+N0ise = K cos (Awt + ¢(t)) + N cos (AWt + ¢n (t))

(6)
where K is the amplitude of the backscattered signal, N is the
random noise amplitude, ¢(t) is the phase of RBS, and ¢,,(¢)
shows the phase of the noise signal. Because we bandpassed the
white noise after the photodetector, we can expect the distribu-
tion of the noise amplitude, N, to be Gaussian and the distribution
of the noise phase, ¢, (t), to be uniform. We exploited an I/Q
demodulation system [12]. After lowpass filtering, we have two
terms in the form of

ir = %5 cos (o)) + 5 cos(¢n (1))
ig = % sin (¢5(t)) + % sin(¢,, (1))

The phase of the backscattering signal can then be obtained
by:

@)

_y 5sin () + 5 sin(ea (1))
4 cos () + 5 cos(¢n (1))

Equation (8) shows how vulnerable the phase demodulation
output is to noise. If the random noise term becomes high, the
arctangent changes and extracted phase signal will experience a
significant inaccuracy. Even a noisy signal from one of the two
positions for phase demodulation can affect the output. If ¢/,
and ¢ 4 are the demodulated phase value (including noise) and
the desired phase value in region A, respectively, and if ¢/5 and
pp are the demodulated phase value (including noise) and the

(I)total = tan

®)
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Fig. 2. System setup. CW Laser: Continuous Wave Laser; AOM: Acousto-

Optical Modulator; EDFA: Erbium-Doped Fiber Amplifier; BPF: Bandpass Fil-
ter; Cir: Circulator; FUT: Fiber Under Test; PZT: Piezo-electric Transducer;
BPD: Balanced Photo Detector; DAQ: Data Acquisition Card.

desired phase value in region B, we can write:

Y'a=pa+ona
{ , ©)
¥'p=9B+PYNB
where ¢ 4 and ¢y p are added phase noise values.
Ap = —
90/ YA — ¥B (10)
A¢' = (pa—¢B) + (pna —¥NB)

Similarly, A is the phase difference that we are looking for,
whereas Ay’ is what we can practically obtain at the output.
If the received signal from either A or B does not have a good
SNR, the Ay’ term would not carry valid information about the
applied perturbation.

According to previous studies and our own experimental re-
sults [1], [7], [13], a change in the optical frequency of the probe
pulse changes the phase of the RBS from each region, such as
A or B. It means that if there is fading in either A or B for
one probe frequency, the RBS may actually be quite strong at
a different frequency. However, these various probe frequencies
must be selected properly to have minimum possible phase cor-
relation [13]. To remove the phase correlation between every
two frequencies and to have independent probe lights, different
frequencies must satisfy:

Af=f2—fi=vg/4L (1)

where f1 and f, are the frequencies of the probe light, v, is
the group velocity in the fiber, and L is the physical distance
between A and B (gauge length).

III. EXPERIMENTAL SETUP

The proposed method exploits the changes in fading regions
to mitigate the fading phenomenon. The optical arrangement for
a $-OTDR-based vibration sensor with multiple probe frequen-
cies is shown in Fig. 2. The output of a CW laser with frequency
wp (1550 nm, RIO ORION laser module) is split into a local os-
cillator and sensing paths. Regarding equation (11) and consid-
ering L = 30 m, we need at least a 1.66 MHz difference between
nearby frequencies to consider them independent. In this case,
we use a 100 ns pulse width, and it covers 10 m in FUT, and L =
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Fig.3. Demodulated amplitudes on 450 m of fiber. a: 40 MHz, b: 80 MHz, c:

150 MHz, d: Maximum value for each chosen section between dashed lines. The
horizontal black line shows the threshold. The vertical dashed lines are spatial
sections.

30 m meets this criterion. Three acousto-optic modulators create
a probe pulse and shift their frequencies by 40 MHz, 80 MHz
and 150 MHz (Aw_1, Aw_2, Aw_3, respectively). These three
pulses are synchronized with each other, and all pulses have a
100 ns width with a 1 kHz repetition rate. After amplification in
an erbium-doped fiber amplifier, the probe pulses are launched
into the FUT through a circulator. The first piece of fiber is
450 m, followed by a 30 m cylindrical PZT actuator, which is
stimulated with a 25 Hz sinusoidal wave. Then, a 1079 m fiber is
located on the far end of the FUT. The RBS returning from the
FUT at frequency wo + Aw is mixed at the receiver with the
OLO, resulting in three intermediate frequencies. A balanced
photodetector with a 200 MHz bandwidth converts the optical
signal to an electrical signal. An 8-bit data acquisition system
is used to capture the output data with a 1 GHz sampling rate.
A pulse generator synchronizes all three AOMs and the data
acquisition system.

IV. AMPLITUDE DISTRIBUTION FOR HIGH-RISK AREAS

The RBS amplitude level changes from section to section
because the distribution of scatterers is not uniform along the
fiber, and it follows Rayleigh statistics [2]. After bandpass fil-
tering and IQ demodulation, each demodulated frequency would
have many low amplitude regions, which may cause fading, as
shown in Fig. 3 (a, b, c). We considered a threshold to add to
our plots, which could guarantee at least a 10 db SNR at the
output for areas above it. If we divide our outputs into several
sections (like the dashed lines on the left side of Fig. 3) and
choose the signal that has the highest amplitude in each sec-
tion as the output signal (Fig. 3(d)), we can reduce the number
of low SNR areas. In Fig. 3, 450 m of the FUT is shown. The
blue figure barely but always remains on the top of the pre-
defined threshold and stays away from the dead zones, while
single frequencies fall into dead zones several tens of times.
Nevertheless, the positions of the low amplitude points for each
frequency are different from the others. When we statistically
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analyzed the amplitude values in the demodulated traces, we ob-
tained the probability distribution shown in Fig. 4. In Fig. 4(a, b,
and c), the peak point in the figure tends to the left side for every
single frequency. Considering the 10 db threshold, more shift-
ing to the left in the bell-shaped figures means more areas fall
below the threshold and have arisk of fading. However, by select-
ing the highest curve in each section, we can shift the bell curve
to the right, and a smaller portion falls below the threshold. Fig-
ure 4 shows a comparison of the probability distribution for all
frequencies and the maximum value for each chosen section. The
percentages of points below the threshold for 40 MHz, 80 MHz,
and 150 MHz were 9.8%, 12.2%, and 13%, respectively. These
decreased significantly to 1.5% in Fig. 4d corresponding to the
maximum values for each spatial section. The small percentage
shown in the last figure is related to the points where all three
frequencies fall into the fading region simultaneously.

V. OPTIMUM-TRACKING ALGORITHM
FOR THE BEST PHASE SIGNAL

If we consider the incoming data as a matrix, each row is an
independent trace from the FUT, and each column corresponds
to one point at different times. The time difference between ev-
ery two consecutive rows is equal to the repetition period of
incoming light pulses. Figure 5 was made from 100 consec-
utive traces in a specific part of the FUT. Each vertical line
shows amplitude changes of a specific point within 100 msec,
and each horizontal line shows the amplitude of all points in
this 70 m of FUT during one probe pulse sweep. We averaged
the columns corresponding to positions A and B separately for
w consecutive traces. Column A shows the amplitude changes
in position A with w arrays. Similarly, column B shows the am-
plitude changes in position B with w arrays. For every single
beat frequency, we used these two mean values as the main
parameters in our prediction model. A and B can be shifted
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Fig.5. Two points of phase demodulation sliding through the fiber (A and B).

Each red line refers to one column corresponding to A and B.

along the FUT to determine the vibration zone; however, the
distance between them must meet the requirements of equation
(11). In Fig. 5, we put A and B on two sides of the PZT to
retrieve the induced vibration signal correctly from our phase
signal.

Figure 6, shows the phase differences of the same locations on
two sides of the gauge for two different time ranges, a and b. Dur-
ing these given time ranges, we observed amplitude variations
on both sides of the gauge as shown in Fig. 6(a). During this time,
the amplitude of the left side was almost zero, and we could find
distortion in some parts of the extracted phase signal. Referring
to equation (10), it confirms that having a low SNR on even one
side of the gauge results in a distorted phase signal. However, in
Fig. 6(b), both sides are shown to have reasonable amplitudes,
and we successfully retrieved the applied sinusoidal vibration
from the phase signal. Here, we proposed a method to predict
the occurrence of a distorted phase shape (such as the phase sig-
nal in Fig. 6(a)) and a switching mechanism to jump to another
RBS trace that has an optimum phase signal. In this method, we
separately observed the amplitude of the demodulated signal for
each frequency. The demodulated amplitudes have some small
fluctuations, and for mitigating the effect of fluctuations, we
used averaging. We considered two points for making the phase
demodulation, for example, two sides of the PZT, A and B, in
Fig. 5. Then, we averaged through the time for those two posi-
tions for a specific time window (specific number of traces).
Figure 7 presents a flowchart of our optimum-tracking al-
gorithm. Initially, we fed the demodulation results into the
flowchart and defined A and B and the size of the averaging
window. After performing averaging on A and B columns for
each beat frequency, this results in two values, M_kI and M_k2.
As mentioned above, the amplitudes on both sides of the gauge
must be high enough if a good demodulation result for the phase
difference is desired. Thus, a quick evaluation of the quality of
the amplitude is tricky.

Considering the logic operation of ‘AND’ between two
Boolean variables, the result would be ‘1’ only if the two vari-
ables are ‘1’ simultaneously. The ‘AND’ can be represented by
multiplication. Therefore, in the next step, we multiplied M_kI
and M_k2 to obtain the ‘AND’ result for each given frequency
(Pr_w_k). We compared these multiplication results (Pr_w_k)
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to select the maximum (F_max) that indicated which probe fre-
quency would have the best phase signal in upcoming traces.
After each round of processing, the averaging window slid one
trace down, and this process continued. After selecting the best
signal for phase extraction, the remaining processes were simi-
lar to a normal ®-OTDR system [8], [14]. The same processing
was performed in every position all along the sensing fiber. To
connect the phase demodulation results from different probe fre-
quencies when jumping from one frequency to the other, we ap-
plied a highpass filter to remove the different offsets of the phase
signal after subtraction and unwrapping the demodulation phase
output for each probe frequency.

VI. EXPERIMENTAL RESULTS

To test and evaluate our proposed algorithm, we continuously
recorded data for 375 s. This long recorded data guarantees that
the RBS signal from all regions has enough time to experience
various possible states. Figure 8 illustrates the output of approx-
imately 13 s with an averaging window of w = 100. The ex-
tracted phases from the 40 MHz, 80 MHz, and 150 MHz traces
showed distorted figures for some time ranges. We achieved
an optimal trace only by hopping from a distorted signal to a
well-shaped one at the proper time before distortion actually
occurred. The six circled areas in Fig. 8 show the controver-
sial points, where the system needed to quickly switch from
the ongoing output that was about to distort to another beat
frequency, which was expected to have the best phase signal
for upcoming traces. Before the first controversial point on the
40 MHz trace, the system predicted the distorted phase signal
and jumped to the 80 MHz trace. After 0.9 s, the 80 MHz trace
also became close to a fading area, and the system hopped to the
150 MHz trace. Approximately 1 s later, the system switched
back to the 40 MHz trace because fading of the amplitude in the
150 MHz output phase had been forecasted. On the right side of
Fig. 8, we observe three similar points, and again before each
abnormal phase shape, our algorithm accurately predicted and
hopped to a better phase signal. The three figures for Pr_w_k
showed that when every two highest amplitude curves collided
and one of them had overtaken the other, our prediction sig-
nal reacted and switched to another beat frequency. Neverthe-
less, each extracted phase signal had a different phase offset,
and to remove those offsets, we added a highpass filter that be-
haved like a differentiator. Therefore, we achieved changes in
Ay but not in Ay itself. The changes in the extracted phase
signal from the most recent output of the algorithm directly be-
came attached to the previous one. Therefore, the final output
was very smooth, shaped well and free of distortion, as shown in
Fig. 6(b), where both sides of the gauge were out of the fading
zone.

The entire recorded data was very long. Therefore, for statis-
tical analysis, we split the entire time into five separated time
ranges to pore over the system behavior over time. The proba-
bility of failure for the extracted phase signals related to each
frequency is shown in Fig. 9 as well as the probability of failure
for our proposed algorithm over three window sizes (1, 30, and
100).
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)
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Phase difference between two fixed points (gauge) within two different time ranges, a (5-6 s) and b (15-16 s). The variation in amplitude on both sides

Flowchart for predicting the best phase signal. w is the averaging window size, A and B are the locations for two sides of the gauge, k is the number of
independent frequencies, and m is a counter.
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Fig. 9. System analysis as a function of time.

As shown in Fig. 9, the probability of having a distorted phase
signal varied from 7% to 22%, while the proposed algorithm
suppressed distortion areas to be approximately 1%. Although
we observed different time ranges, in all cases, the probability of
distortion in the final output phase had almost the same values,
which confirmed that the system is highly repeatable. Moreover,
the final output phase when w = 30 is slightly better than for w
=1 or w = 100. Among the three sole frequencies, 150 MHz
always had the highest probability of distortion, and 40 MHz
had the lowest. There are two main reasons for this behavior.
First, the sampling rate of the data acquisition card was 1 GHz,
which means that the beam with the 150 MHz frequency was
rebuilt by less than 7 points during each period, whereas the
one with 40 MHz was rebuilt by 25 points during each period.
Second, the 3 db bandwidth of the balanced photodetector was

200 MHz, which means that the higher frequencies experience
lower SNR at the output; thus, they are more exposed to fading
phenomenon.

To further evaluation the impact of averaging window size
on the proposed method, we presented the probability of fail-
ure or the entire data length for different window sizes (1-100)
in Fig. 10. By increasing the window size, the probability of
failure first decreased. The best result was obtained from w =
32, which was 1.15%. After w = 32, the probability slightly in-
creased, but it stayed almost constant after w = 50. This was be-
cause although averaging reduces sudden fluctuations, the long
averaging process prevents our system from reacting fast to the
variation in RBS intensity itself. Consequently, the agility of the
system declines, and the algorithm cannot predict distortions
of phase signals with time, resulting in a poor output quality.
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Fig. 10. Changes in probability of failure for different averaging windows.

Therefore, for the current setup, the optimum window was w =
32 (32 msec). Nevertheless, this value can change for another
setup because it relates to the stability of the laser central wave-
length, laser linewidth, changes in birefringence in the FUT and
other in-field conditions. Selecting a proper window size is ex-
actly like a calibration process. Because many different factors
influence our system, we should first apply a known perturbation
on our FUT and observe the window size that provides the best
output. Then, we can use that window size for any further mea-
surements in that environment and with that piece of fiber. For a
given instrument and working environment, the proper window
size would be approximately invariable.

Additionally, we had a 1 KHz repetition rate; thus, each new
trace appeared after 1 msec. Considering that the lengthiest cal-
culation time was made by w = 100, performing the algorithm
took less than 1 msec for each round. Therefore, we can guar-
antee that our system works in real time and in a continuous
state.

VII. DISCUSSION

Regarding Fig. 4, we expect to have the total amount of dis-
tortion equal to the multiplication of 9.8%, 12.2% and 13% (i.e.,
0.15%). However, the best value for the distortion probability
in our system was 1.15%, which was higher than the expected
value. Perhaps the reason was that we only considered low am-
plitude areas caused by phase interference of light as the major
source of fading, while other sources, such as the state of polar-
ization, were not considered. These other reasons deteriorated
the actual value of the distortion probability compared with the
expected value. The suppression of other fading sources should
be further studied in future studies.

Additionally, we chose to multiply the mean amplitude values
from columns A and B (M_kI and M_k2 in the flowchart) because
multiplication will provide us with a very fast response at the
output. Nonetheless, if agility does not matter in the system,
we can add more constraints at this stage, resulting in a more
sophisticated algorithm.
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VIII. CONCLUSION

We proposed a $-OTDR system with a continuous fading
suppression ability based on optimum tracking over multiple
probe frequencies. The proposed method can successfully fore-
cast the occurrence of distortion in the output phase signal and
avoid it by jumping to a better phase signal. This algorithm has a
fast response, high repeatability, and real-time processing prop-
erties. We attained a distortion-free output over 98.85%, under
a long time of continuous running with the proposed system,
which provides a promising DAS solution for practical online
purposes.
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