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ABSTRACT

Temperature and strain discrimination is experimentally demonstrated in an elliptical-core polarization-maintaining fiber
by making use of Rayleigh-based distributed birefringence measurements and the frequency shift of the correlation peak
obtained by standard coherent optical time-domain reflectometry. The high sensitivity of coherent Rayleigh sensing and
the very distinct behavior of birefringence makes the two quantities clearly discriminated, resulting in temperature and
strain accuracies of ~ 40 mK and ~ 0.5 pe, respectively, for distributed measurements with a 2 m spatial resolution.
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1. INTRODUCTION

Distributed fiber sensors (DFS) based on different scattering mechanisms have been proposed over three decades and
successfully commercialized to continuously measure environmental variables, such as temperature and strain'. The
Raman sensor is sensitive only to temperature, which is retrieved from the ratio between optical power of anti-Stokes and
Stokes/Rayleigh waves. On the other hand, strain and/or temperature variations can be obtained from the Brillouin
frequency shift in a Brillouin sensor or the cross-correlation spectral shift in a DFS based on coherent Rayleigh scattering.
The optical fiber used in Rayleigh sensing can be seen as a weak fiber Bragg grating (FBG) with random pitch, making
the coherent Rayleigh sensor potentially as sensitive as a FBG sensor. This means that Rayleigh-based sensors are three-
order of magnitude more sensitive than Brillouin sensors?, and can provide better measurand resolution compared to
Raman sensors; however, they suffer from the temperature-strain cross-sensitivity issues.

As the distributed sensing technique keeps progressing, its application area has been broadened and many other physical
quantities can be measured by DFS. Thus, for instance, the phase birefringence profile along polarization-maintaining
(PM) fibers can be retrieved by dynamic Brillouin gratings (DBG), optical frequency-domain reflectometry (OFDR) and
coherent optical time-domain reflectometry (COTDR)*”. Since the birefringence is also dependent on environmental
variations, all methods for birefringence measurements can be used for distributed temperature and strain sensing,
leading to sensitivities one order of magnitude higher than in a Brillouin sensor’. In addition, cross-sensitivity issues
between temperature and strain have been mitigated by combining a birefringence measurement with a standard
Brillouin or OFDR sensing measurement’*. However, the generation of DBG requires three high power lightwaves with
a precise optical frequency control, whilst OFDR provides a larger measurement error compared to a COTDR sensor due
to its broad correlation peak®, and the sensing distance is usually limited by the coherent length of the light source.

In this paper, the discrimination of temperature and strain is experimentally realized by simultaneously measuring the
birefringence and the refractive index changes using a COTDR technique along an elliptical-core PM fiber. This method
requires moderate optical power and access to only one fiber end, and can achieve a much longer sensing distance.
Moreover, the proposed technique has the potential to better discriminate the quantities and provide higher resolution
than the reported results due to the high sensitivity of COTDR sensors. The limit of the discrimination method based on
birefringence measurement is experimentally investigated by applying small temperature and strain changes.

2. EXPERIMENT

According to the first proposed birefringence measurement using COTDR technique, coherent Rayleigh backscattered
traces are acquired successively from the two orthogonal axes of the PM fiber, and then information on birefringence is
retrieved by cross-correlating the traces from the 2 axes’. Hence, this technique works essentially like a conventional
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COTDR sensor. The high sensitivity of the
coherent Rayleigh sensor may potentially
introduce large measurement errors as a
result of small environmental perturbations | Laserl
between the acquisitions of the two sets of
Rayleigh traces. Although this error is | aser
fairly small compared to the absolute value
of birefringence, it can no longer be
neglected in sensing measurements. It
would be therefore much beneficial if the
traces from both axes can be acquired
simultaneously to mitigate this
environmental perturbation. The experimental setup shown in Fig. 1 can meet this requirement, making it fully
appropriate to discriminate temperature and strain’.

Filter |

Figure 1. Implemented experimental setup for single shot acquisition of the Rayleigh
traces from the two polarization axes.

Two lasers operating at ~ 1534 nm are employed for the 2 orthogonal axes of a PM fiber with a frequency difference that
roughly matches the birefringence of the fiber. The continuous waves from the lasers are first coupled together, then one
part of the combined light enters a high-resolution (5 MHz) optical spectrum analyzer (OSA) to monitor the frequency
difference and the other part passes through an electro-optic modulator (EOM) driven by RF pulses. In this way, the
frequency scanning and pulse shaping are realized simultaneously. The pulse width is 20 ns, corresponding to a 2 m
spatial resolution, limited by the modulation bandwidth of the microwave generator. The generated pulses at preset
frequencies are selected by two narrow FBGs, and a time offset between the selected pulses is realized by inserting a
delay line in one of the branches. In this experiment, a 640-m long fiber is used, corresponding to a ~ 3.4 us time delay
which must fulfil the condition to be longer than the return trip propagation time in the sensing fiber. The impact of the
environmental perturbations can be fully neglected within such a short time. The polarizations of the optical pulses at
different frequencies are adjusted by polarization controllers (PC), so that the pulses are re-combined orthogonally. Then,
an erbium-doped fiber amplifier (EDFA) is used to boost the pulse power, whilst the amplified spontaneous emission
(ASE) is suppressed by a broadband bandpass filter. A third PC is used to make sure that the amplified pulses are
launched into the correct axes of the sensing fiber. A 97 m-long elliptical-core PM fiber is employed in this experiment
with an average birefringence of ~ 3.26x10*. Finally, the Rayleigh traces from each axis are acquired by a 125 MHz
detector and are observed temporally separated by the fixed optical time delay through a single shot acquisition.

The standard COTDR sensing can be realized by cross-correlating the Rayleigh traces from the same axis obtained in
successive measurements, so that the calculated frequency shift Avcorpr can represent the temperature and strain changes.
On the other hand, the birefringence along the fiber is retrieved by the cross-correlation of the Rayleigh traces from the
orthogonal axes in the same measurement. The environmental variations between the birefringence measurements
introduce a difference Avy. of the corresponding frequency shift. Since both temperature and strain contributes to the
frequency shift, the combined effect obtained by the two sensing methods is expressed as:

AVCOTDR _ ST,COTDR SS,COTDR AT (1)

AVbire ST,bire Sg,b[re Ag ’

where AT and Ae are the temperature and strain changes, St corpr and S;, corpr are the temperature and strain sensitivities

of the COTDR sensor, St and S, represent the temperature and strain sensitivities of the fiber birefringence,
respectively. As a result, the temperature and strain can be discriminated by the measured Avcorpr and Avpire:
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Hence, the resolution of the discriminated temperature d,r and strain d,, can be obtained from Eq. (2):
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where Gy corpr and Oaypire T€present the standard deviation of the frequency shift obtained by COTDR sensor and by the
birefringence measurement, respectively.

3. EXPERIMENTAL RESULTS AND DISCUSSION

To demonstrate the discrimination of temperature and strain, the birefringence profile of the PM fiber is measured twice
successively by the experimental setup shown in Fig. 1, while a 1.9 K temperature change is applied to a fiber segment
located between 84 m and 88 m and the last 2.1 m of the fiber is attached to a moving stage to distinctively apply a strain
change of 25.5 pe. The high sensitivity of COTDR sensing requires a 9 GHz frequency scanning range by 10 MHz steps.
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Figure 2. (a) Frequency shift obtained from a standard COTDR sensor and (b) frequency difference of birefringence measurements for
an elliptical-core PM fiber.

The frequency shift of the correlation peak measured in the standard COTDR along the slow axis of the PM fiber is
shown in Fig. 2(a). Due to the high sensitivity of the Rayleigh measurements and the large number of scanned
frequencies, a high-amplitude correlation peak is obtained along the fiber, thus leading to a very clean trace in Fig. 2(a),
which shows two sharp frequency shifts at the heated and strained sections. On the other hand, the birefringence profile
is retrieved by the cross-correlation of the traces from the orthogonal axes, which leads to a correlation peak of lower
amplitude and broadened by random birefringence fluctuations. Thus, measurements with lower contrast are obtained in
this case, making birefringence measurements more vulnerable to noise. As a result, a noisier trace of the frequency
difference between two birefringence measurements is shown in Fig. 2(b). Note that some random peaks are observed in
the figure outside the strained and heated fiber sections, which can be explained by local fast longitudinal birefringence
changes within the spatial resolution. In addition, it should be also noted that the obtained curve shows a broad peak at
the hot-spot position; this is because the frequency shift due to the thermally-induced birefringence change is very small
as a result of the small local temperature increase of 1.9 K.
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Figure 3. Retrieved (a) temperature and (b) strain profiles along the PM fiber, and the insets are the enlarged view of the first 30 m.

The temperature and strain sensitivities for both COTDR and birefringence are experimentally determined for the used
elliptical-core PM fiber, resulting in Srcompr = —1.739 GHz/K, S,comr = —150 MHz/ue, Sty = —43.8 MHz/K and
Sepire = 1 MHz/pe, respectively. Inserting those parameters into Eq. (2), the temperature and strain values can be
calculated from the measurements of Avcorpr and Avy, shown in Fig. 2. The retrieved temperature and strain profiles
along the fiber are presented in Fig. 3. The measured average temperature (1.92 K) and strain (28.4 pe) changes at
corresponding heated and strained sections are very close to the actual applied values, validating the proposed technique
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for temperature-strain discrimination. Only a minor temperature change of —0.25 K is obtained in the temperature profile
at the strained section, and a strain variation of —1.3 pe leaks into the strain profile at the transitions of the heated section.

As shown in Fig. 3, the obtained temperature and strain profiles exhibit variations similar to the frequency fluctuations
obtained from the birefringence measurement, demonstrating the high impact of the birefringence measurement on the
final accuracy of the proposed method, which may be explained by the corresponding lower sensitivity compared to the
COTDR sensing technique. Some spurious and sharp peaks (of up to ~1K and ~ 10 pe in the worst case) are also
observed in Fig. 3 due to their presence in the birefringence measurement, demonstrating the limit of the discrimination
method, It should be noted that previous measurements based on OFDR and BDG technique report no apparent random
peaks because of the larger temperature and strain changes applied in the experiments®* compared to our case.

Despite the mentioned spurious peaks, the proposed method provides more reliable temperature-strain discrimination and
better measurements compared to other techniques due to the higher sensitivity of the COTDR interrogation. For
example, the insets of Fig. 3 show measurand resolutions of ~40 mK and ~0.5 pe for the first 30 m of the fiber, which are
more accurate than the reported measurements by OFDR and DBG techniques. Furthermore it should be mentioned that
experimental results agree well with the theoretical results calculated from Egs. (3) and (4), with G4y cotpr = 2.95 MHz
and Gy pire = 2.19 MHz obtained from Fig. 2. To reduce the error in the discrimination, a small conditional number is
desired’. The number associated with Eq. (2) is calculated to be ~ 367.9 based on the temperature and strain sensitivities
of the COTDR technique and birefringence measurement, which is ~3 times smaller than the conditional number
(~ 989.7) using a DBG scheme’. Thus the matrix in Eq. (2) is better conditioned for the Rayleigh method here proposed.

4. CONCLUSION

In this paper a method for temperature-strain discrimination in distributed fiber sensing has been proposed and
experimentally demonstrated in an elliptic-core PM fiber using standard COTDR and Rayleigh-based birefringence
measurements. The proposed method provides a more reliable and accurate technique to discriminate temperature and
strain when compared to DBG, though based on a similar principle. This is basically due to the higher sensitivity of the
COTDR interrogation technique (when compared to a conventional Brillouin and DBG sensing), which leads to a better
conditioned matrix representing the measurement technique. It has been however found out that the limitation of the
method is basically given by to the lower sensitivity of the birefringence, which has led to traces containing unwanted
glitches. Further research is still required to eliminate those glitches and achieve a more accurate birefringence profile.
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