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Abstract—A high-spatial resolution and wide-range dis-
tributed strain sensor (DSS) based on UV laser exposed
single mode fiber (E-SMF) has been experimentally demon-
strated, of which the maximum measurable strain was up to
9000 µε under a spatial resolution of 1.5 mm. To address
the tradeoff between strain resolution and sensing spatial
resolution, an efficient adaptive zero padding (AZP) was
proposed to calculate the number of padding zeros to
optimize the number of zero padding (NZP). Compared with traditional zero padding (TZP), the cross correlation
calculation time was improved from 138.842 to 0.476 s using the proposed AZP method under the spatial resolution
of 1.5 mm, indicating that the cross correlation calculation time was reduced by nearly 300×. Moreover, the distance
compensation method (DCM) was employed to improve the deteriorated similarity induced by position deviation between
the reference (Ref.) and measurement (Mea.) signal, which could be greatly improved by using DCM. The strain property
of the E-SMF and SMF was compared and investigated by DCM based on the AZP method. The strain profile of the E-SMF
could be successfully and well demodulated in the zero- and stretched-strain section at the spatial resolution of 1.5 mm
by using DCM, when the applied strain was increased from 1000 to 9000 µε.

Index Terms— Distance compensation method (DCM), distributer strain sensor (DSS), exposed single mode fiber (E-
SMF), optical frequency domain reflectometry.

I. INTRODUCTION

OPTICAL fiber sensor has attracted intensive applications
in civil, structural, health [1], pipeline security [2],
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life and health monitoring [3], [4], [5], [6], [7]. Among
them, distributed fiber sensor has attracted great attention [8].
Especially, various distributed strain sensor (DSS) with high
spatial resolution and wide measurement (Mea.) range have
been proposed and demonstrated. Compared with optical time-
domain reflectometry [9], DSS using the same scattering, i.e.,
Rayleigh backscattering (RBS), based on optical frequency
domain reflectometer (OFDR) could achieve a sub-centimeter
spatial resolution [10]. However, the weak RBS (−100
dB/mm) of the OFDR strain sensor is vulnerable to the
nonlinear frequency modulation, cross correlation noise, and
environmental disturbance of the tunable laser source (TLS),
which degrades the similarity between the obtained reference
(Ref.) spectrum and Mea. spectrum [11] and form fake peaks
or multipeaks, further resulting in the misjudged spectrum shift
[12]. In other words, the spatial resolution and Mea. range is
limited by the weak RBS. To improve the signal-to-noise ratio
(SNR) of the DSS, i.e., enhance the intrinsic RBS in single
mode fiber (SMF), several post-processing methods, such
as UV laser exposure [13], [14], femtosecond-laser-induced
defects [15], [16], and random fiber gratings [17], were
proposed. However, it is nonstandard, labor-intensive, and
expensive to realize long-distance RBS enhancement by using
laser micromachining technique [16]. In the meantime, various
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Fig. 1. (a) Experimental setup for distributed wide-strain sensing based
on E-SMF. (b) Schematic of strain applied apparatus to E-SMF by using
one linear translation stage. TLS: tunable laser source; C: coupler; PC:
polarization controller; DF: delay fiber; FRM: faraday rotating mirror;
BPD: balanced photo-detector; PBS: polarization beam splitter; CIR:
circulator; and DAQ: data acquisition card.

algorithms have also been proposed [18], [19], [20], [21],
[22]. For example, an image wavelet denoising method was
proposed to suppress the noise, where the spatial resolution
was 2.56 mm under strain of 2000 µε [18]. An approach
based on local similarity of Rayleigh scattering (RS) spectrum
method was also employed to eliminate fake and multi peaks,
where the spatial resolution was 3.00 mm under strain of
3000 µε [19]. The position deviation caused by applied
strain could be solved by distance compensation method
(DCM), where the maximum measurable strain was 10 000
µε with a spatial resolution of 2.00 mm [20]. Although
afore-mentioned algorithms could solve the spectral matching
and spatial compensation, additional algorithms, such as local
similarity and image wavelet denoising have brought a huge
computational burden to the already complex OFDR data
processing process. In addition, there is a tradeoff between the
spatial resolution and Mea. range, that is, the spatial resolution
has to be broadened for achieving wide strain Mea. range
[20]. Therefore, a high-spatial-resolution and wide-range DSS
without extra algorithm are in great demand.

In this article, a high-spatial-resolution and wide-range
DSS based on exposed-SMF (E-SMF) using efficient adaptive
zero padding (AZP) method was proposed and demonstrated.
The influence of the number of zero padding (NZP) on the
sensing spatial resolution and strain resolution was discussed
to propose the AZP method. The deteriorated similarity due
to large position deviation induced by large strain was also
investigated. The strain property of the E-SMF and SMF
was compared and investigated by DCM based on AZP.
Furthermore, the performance of AZP and traditional zero
padding (TZP) was compared.

II. EXPERIMENTAL SETUP AND METHODS

The experimental setup based on a conventional OFDR
system is illustrated in Fig. 1(a). The light from the TLS
was split into two paths by a 10:90 optical coupler (C1),
where the scanning range and rate of the TLS were

1535–1565 nm and 100 nm/s, respectively. The 10% light
was injected into an auxiliary Michelson interferometer, where
two Faraday rotating mirrors (FRMs), i.e., FRM1 and FRM2,
are implemented to reduce the polarization fading effect [23].
The generated signal was used as the external clock of the
data acquisition card (DAQ) to sample the beat signal from
a balanced photo-detector (BPD) at equidistant instantaneous
optical frequency points. The 90% light was injected into the
main Mach-Zehnder interferometer and split by a 50:50 optical
coupler (C3). Then, the RBS reflected by the fiber under test
(FUT) was mixed with the Ref. light passing through the
polarization controller (PC) by the C4, where the PC was
used to adjust the polarization state. A polarization diversity
detection includes two polarization beam splitters (PBSs),
i.e., PBS1 and PBS2, as well as two BPDs, i.e., BPD2 and
BPD3, which are employed to reduce the polarization fading
effects in the main interferometer. That is, two BPDs are used
to separately acquire the divided p- and s-polarization light
through two PBSs [23].

In the experiment, a UV laser E-SMF with an enhanced RBS
intensity was employed as the strain sensor [14]. To achieve
direct exposure, the coating of the SMF should be removed
due to its opacity to the UV laser. As we know, any damage
on the fiber surface will affect the maximum strain it can
withstand. To achieve wide-range strain Mea., i.e., maintain
the mechanical strength of the FUT, the fiber coating was
removed by immersing it in acetone for 40 min instead of a
fiber stripper. As shown in Fig. 1(b), two ends of the E-SMF
were fixed on two 1-D linear translation stages via AB glue.
The strain ranging from 0 to 9000 µε with a step of 1000 µε

was applied by moving one linear translation stage along the
fiber axis. Note that the initial distance between the two stages
was 350 mm, i.e., L = 350 mm.

The traditional data processing based on OFDR is illustrated
in Fig. 2(a). First, two beat signals in the optical frequency
domain under different states, i.e., Ref. signal without strain
and Mea. signal with strain were collected, respectively.
Second, fast Fourier transform (FFT) was conducted to
transform to the spatial domain along the entire FUT, i.e.,
obtaining an RBS profile as the distance function [16]. Third,
the FUT was divided into multiple sections for the Ref. and
Mea. signal, i.e., Ref(i) and Mea(i), by using a sliding window
with a length of N , indicating that the number of sampling
points in a sliding window was N . Generally, each sliding
window was padded with (M–N ) zeros to the initial number of
total data, i.e., M , and transformed back to frequency domain
through inverse FFT (IFFT). Finally, the cross correlation
between Ref. and Mea. signal was performed to obtain the
spectral shift, i.e., 1 f . Then, the applied strain could be
obtained according to the spectral shift between the Ref. and
Mea. spectrum [21]. The two-point spatial resolution, i.e.,
1z, in the distance domain could be given by the following
equation:

1z = c/2n1F (1)

where c is the light velocity in vacuum, n is the refractive index
of the medium, and 1F is the range of the sweep frequency of
the TLS, i.e., 1F = 3750 GHz. Then, it could be calculated
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Fig. 2. (a) Flow diagram of the data processing based on OFDR using
AZP and DC, and (b) detailed flow diagram of AZP method. Ref. signal:
reference signal; Mea. signal: measurement signal; FFT: fast Fourier
transformation; IFFT: inverse FFT; and Ref(i) and Mea(i) represents
the i th reference and measurement signal in time-domain, respectively
(i = 1,2,3 . . .).

to 0.0275 nm, i.e., 1z = 0.0275 mm.In addition, the sensing
spatial resolution, i.e., Z , could be given by the following
equation:

Z = N1z (2)

where N is the number of data points and N = 54. Thus, the
sensing spatial resolution is 1.5 mm, i.e., Z = 1.5 mm.

The strain resolution, i.e., 1ε, was proportional to the
spectral shift between two cross correlation single points, i.e.,
1 fres, which could be given by the following equation [18]:

1 fres = 1F/N . (3)

In addition, the relationship between the sensing spatial, i.e.,
Z , and strain resolution, i.e., 1ε, could be given by the
following equation [6]:

Z1ε = λ/4n. (4)

According to (1)–(4), the strain resolution, i.e., 1 fres, could
be improved by using a longer sliding window, i.e., increasing
the number of sampling point N , but the sensing spatial
resolution, i.e., Z , would be deteriorated. The sampling rate
could be increased by using the zero padding method to the
signal before IFFT. When the sliding window was padded with
(M–N ) zeros to the initial number of total data, i.e., M , (3)
would be changed into the following equation:

1 fres = 1F/(N + (M − N )) = 1F M. (5)

In this way, the strain resolution, i.e., 1ε, could be restored
by padding zero to the original data size, i.e., M , without
scarifying the sensing spatial resolution, i.e., Z . Although
the strain resolution of the DSS could be improved by
padding zero, the cross correlation calculation time, i.e.,

TABLE I
STRAIN RMS NOISE FOR SMF AND E-SMF UNDER SPATIAL

RESOLUTIONS OF 1, 2, 5, 10, 20, 50,
AND 100 MM, RESPECTIVELY

demodulation time, was increased with the number of padding
zeros increases. Moreover, the fluctuation of strain distribution
induced by laser noise would not be improved by increasing
the number of padding zeros, but lead to performance
redundancy. This indicated that the optimization of the NZP
would reduce the calculation time.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

As shown in Fig. 2(b), an AZP method for calculating the
number of padding zeros was proposed to optimize the NZP,
where the principle was that the strain resolution should be
lower than that of strain root mean square (rms) noise. The
number of sampling points in a sliding window was set as 1, 2,
5, 10, 20, 50, and 100 mm, respectively, for SMF and E-SMF.
Then, the strain distribution along the FUT was calculated by
using the traditional cross correlation method under zero strain.
Subsequently, the rms noises of the obtained strain distribution,
i.e., σ , were calculated under the set sliding window, such as
1 mm. Then, resetting the sliding window as 2 mm and repeat
afore-process to obtain the strain RMS noise. In this way, the
strain RMS noise for SMF and E-SMF could be calculated
under spatial resolutions of 1, 2, 5, 10, 20, 50, and 100 mm,
respectively, as shown in Table I.

Obviously, the strain RMS noise of E-SMF is significantly
smaller than that of SMF, due to enhanced RBS intensity of
E-SMF, i.e., higher SNR. By performing quadratic exponential
fitting on the afore-obtained scatter points, the fitting curve,
i.e., F(z, σ ), between the strain RMS noise, i.e., σ , and spatial
resolution, i.e., Z , for SMF and E-SMF could be expressed as
follows:

σ = 11.89 ∗ e(−1.139z)
+ 0.6741 ∗ e(−0.006635z) (6)

σ = 223.5 ∗ e(−2.013z)
+ 5.617 ∗ e(−0.1287z) (7)

as shown in Fig. 3. Thus, the strain RMS noise at different
spatial resolutions could be obtained according to (6) and (7).
Assuming the strain rms noise under the spatial resolution of
1.5 mm is σ1, then the NZP, i.e., P , could be calculated as
follows:

P =
1F
σ1

− N .

Compared with the NZP of 2097152 for the traditional
method (TM), the NZP is 8743 for AZP under the same spatial
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Fig. 3. Obtained fitting curve between the strain RMS noise, i.e., σ, and
spatial resolution, i.e., Z, for SMF and E-SMF, labeled by violet and red,
respectively.

TABLE II
PERFORMANCE COMPARISON BETWEEN AZP AND TZP

resolution, i.e., 1.5 mm, as shown in Table II. Moreover,
the NZP and calculation time were increased to 34 760 and
0.829 s, respectively, under the spatial resolution of 4.5 mm.
The larger the sliding window is, the more accurate the
cross correlation, and the lower the strain rms noise. Thus,
much NZP should be padded to make the spectral resolution
better than strain rms noise. Compared with TZP, the cross
correlation calculation time was improved from 138.842 to
0.476s by using the proposed AZP method under the spatial
resolution of 1.5 mm, indicating that the cross correlation
calculation time was reduced by nearly 300×.

To investigate the reduction of the NZP, the strain difference,
i.e., noise level, caused by laser and environment in the OFDR
system was compared under the spatial resolution of 1.5 mm.
As shown in Fig. 4, in the zero-strain section, i.e., position
between 9.00 and 9.20 m, the strain difference calculated
using AZP and TZP overlapped well, corresponding to NZP of
8743 2 097 152. Obviously, the strain difference is within
±8 µε. This indicated that the reduction of the NZP for the
AZP method has no effect on the strain sensing performance,
but greatly improves the calculation time.

As shown in Fig. 5(a), the FUT was divided into three
segments, i.e., seg1, seg2, and seg3, where the external strain
was applied to seg2. Note that the orange and green blocks
present the data size of the Ref. and Mea. spectra for a single
measuring point, respectively. As shown in Fig. 5(b), the Ref.
and Mea. spectrum in seg1, i.e., without strain, was completely
consistent. But in seg2, i.e., with strain, the position deviation
induced by the elastic-optic effect was accumulated along the
fiber, where the maximum position deviation was n1l at the
fiber end.

Fig. 4. Comparison of the noise levels, i.e., strain differences,
between traditional and AZP methods based on E-SMF under the spatial
resolution of 2.0 mm, when no strain was applied.

Fig. 5. (a) Schematic of the sensing segment of FUT, i.e., seg1, seg2,
and seg3, where the strain was applied to seg2; position deviation
between Ref. and Mea. spectrum (b) before and (c) after DCM,
respectively. Note that the orange and green blocks present the data size
of the Ref. and Mea. spectra for a single measuring point, respectively.

As shown in Fig. 6(a), the cross correlation peak between
Ref. and Mea. spectrum in the seg2 could not be identified due
to deteriorated similarity induced by large position deviation,
i.e., n1l, indicating that the cross correlation spectra would
be deteriorated due to the position deviation. To obtain a
cross correlation peak with a larger amplitude, a DCM was
proposed, as illustrated in Fig. 2(a). Based on afore-obtained
cross correlation spectrum shift, i.e., 1 f , a transformation was
conducted to acquire the position deviation, i.e., 1l, which
could be given by the following equation:

1l = k Z1 f (8)

where k is the coefficient of strain sensitivity. Therefore,
the next fiber section, i.e., L i+1, was compensated by the
calculated position deviation, i.e., 1l [15], [16], [20], [21].
Finally, the distributed strain along the FUT could be obtained
by repeating the above process until the last fiber section.
As shown in Fig. 6(b), the amplitude of the cross correlation
peak was improved to 0.835 after the DCM, indicating that
the deteriorated similarity was induced by position deviation
between the Ref. and Mea. signal could be greatly improved
by using DCM.

To verify the proposed DCM based on the AZP method,
the strain property of the E-SMF and SMF was investigated,
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Fig. 6. Obtained similarity and cross correlation peak at the seg2
between Ref. and Mea. spectrum (a) before and (b) after using DCM.
Note that the cross correlation peak in (a) could not be identified due to
large position deviation, i.e., n∆l, in Fig. 5.

Fig. 7. Demodulated strain profiles based on (a) and (b) SMF, and
(c) and (d) E-SMF using TM and DCM, respectively, when the applied
strain was increased from 0 to 9000 µε with a step of 1000 µε under a
spatial resolution of 1.5 mm.

respectively. Compared with SMF, the RS intensity of the
E-SMF was enhanced by using UV exposure [13]. In the
experiment, two methods without and with DCM based on
AZP were compared, corresponding to TM and DCM, when
the strain was increased from 1000 to 9000 µε. As shown
in Fig. 7(a), the demodulated strain in the rear strain-section
and zero-strain-section was submerged in noise, when the
applied strain is greater than 2000 µε. The reason for this
phenomenon is the accumulated position deviation caused
by the applied strain. After using DCM, the rear zero-
strain section, i.e., position between 12.65 and 12.8 m, for
the SMF was effectively improved, as shown in Fig. 7(b).
However, there were still many wrong points in the stretched-
strain section using DCM based on SMF. This indicated
that the wrong points induced by lower SNR could not be

TABLE III
SENSING PERFORMANCE COMPARISON

BASED ON DIFFERENT METHODS

solved. Therefore, the exposed SMF with an enhanced RBS
intensity was employed. As shown in Fig. 7(c), the strain
profile demodulated by TM could be generally identified
in the stretched-strain section, but with obvious fluctuation
in the zero-strain section. Compared with SMF using TM
or DCM, the strain profile could be demodulated correctly
even if the TM was used, attributing to the high RS of
the E-SMF. As shown in Fig. 7(d), the strain profile of the
E-SMF could be successfully and well demodulated in the
zero- and stretched-strain section at the spatial resolution of
1.5 mm by using DCM, indicating that a wide-strain range,
i.e., up to 9000 µε, could be achieved by combining E-SMF
with DCM.

Finally, the sensing performance based on different methods
is listed in Table III. Although the spatial resolution and
maximum measured strain have been improved by using DC
and image wavelet denoising alone, or a combination of
both, or other methods [18], [19], [20], [21], [22], these
additional algorithms have brought huge computational burden
to the already complex OFDR data processing process. In this
work, a DSS with a spatial resolution of 1.5 mm under the
strain of 9000 µε was exhibited by using E-SMF combined
with DC based on AZP, which reduced the computational
complexity.

IV. CONCLUSION

In conclusion, a high-spatial-resolution, i.e., 1.5 mm, DSS
based on E-SMF, was experimentally demonstrated, where the
strain Mea. range was up to 9000 µε. A tradeoff existed
between the strain resolution and sensing spatial resolution.
An AZP method was proposed to optimize the NZP to
reduce the calculation time based on the principle that the
strain resolution should be lower than that of strain RMS
noise. Moreover, the cross correlation calculation time was
reduced by nearly 300× under a spatial resolution of 1.5 mm.
Furthermore, an efficient method of combing AZP with DCM
without an extra algorithm based on E-SMF was proposed to
realize wide-range strain sensing.
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