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Systematic-error suppression
in low-coherence Brillouin optical
correlation-domain reflectometry
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Brillouin optical correlation-domain analysis (BOCDA) utilizing low-coherence light sources offers
high-resolution distributed strain and temperature sensing. However, conventional BOCDA requires
dual-end injection of pump and probe light into the sensing fiber. To overcome this limitation, low-
coherence Brillouin optical correlation-domain reflectometry (BOCDR) based on spontaneous Brillouin
scattering has emerged, enabling single-end light injection. While a pilot demonstration has shown a
spatial resolution of 19 cm, a comparison of its measurement accuracy with standard BOCDR systems
is yet to be explored. This study presents a distributed measurement with ~ 3 cm spatial resolution and
demonstrates that low-coherence BOCDR eliminates systematic errors caused by direct sinusoidal
modulation, offering enhanced measurement precision.

Brillouin scattering in optical fibers has been widely utilized for the development of distributed sensing systems
due to the dependence of Brillouin frequency shift (BFS) on applied strain and ambient temperature!. Vari-
ous spatially resolving techniques, including time-domain®=, frequency-domain®’, and correlation-domain®-'¢
methods, have been employed, each with its own advantages and limitations, as summarized in Refs."’™*°. This
study focuses on correlation-domain techniques, specifically Brillouin optical correlation-domain analysis
(BOCDA)*!! and Brillouin optical correlation-domain reflectometry (BOCDR)'*7'¢, which offer high spatial
resolution and random accessibility for strain and temperature measurements at arbitrary points along the
sensing fiber.

BOCDA, requiring dual-end light injection into the sensing fiber, is based on stimulated Brillouin scattering
(SBS), resulting in high signal-to-noise ratio (SNR) and spatial resolution. However, its setup is relatively complex,
involving an electro-optic modulator (often using a single-sideband modulator to generate frequency-shifted
probe light) and a lock-in amplifier. Moreover, if the sensing fiber breaks during operation, the measurement
cannot be continued. In contrast, BOCDR only requires light injection from one end of the sensing fiber, rely-
ing on spontaneous Brillouin scattering. While BOCDR exhibits lower SNR and spatial resolution compared to
BOCDA, its single-end accessibility enables convenient sensor embedding in structures with a relatively simple
and cost-effective setup. Furthermore, in the event of sensing fiber breakage, BOCDR allows continuous meas-
urement up to the point of breakage.

Efforts have been made in the past to enhance the spatial resolution of BOCDA by employing low-coherence
light sources, where the coherence length determines the resolution. Although extremely high spatial resolu-
tion can be achieved, it comes at the cost of scanning the measurement position along the sensing fiber using
a variable delay line, resulting in reduced operational speed. Notably, Hotate et al.?* demonstrated distributed
strain measurement using low-coherence BOCDA with a noise-modulated laser, followed by Cohen et al.!, who
utilized amplified spontaneous emission (ASE) from an erbium-doped fiber as a broader light source, achieving
a resolution of 4 mm. Zafari et al.”> used ASE-based low-coherence BOCDA to measure BFS distribution in a
chalcogenide waveguide with a resolution of 800 pum, while Wang et al.”*** demonstrated low-coherence BOCDA
using a chaotic laser with a resolution of 3.5 mm. Zadok et al.>>* developed BOCDA with phase modulation
by pseudo random bit sequence and achieved random-access distributed sensing without using a variable delay
line. Despite the progress in achieving high spatial resolution, challenges such as two-end accessibility and high
cost associated with probe light generation and lock-in detection in low-coherence BOCDA configurations still
persist. Considering the relatively lower SNR of BOCDR, attaining such high resolutions may not be expected.
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Nevertheless, there is considerable interest in experimentally demonstrating the feasibility of low-coherence
BOCDR with single-end accessibility.

To address this, Zhang et al.”” developed low-coherence BOCDR, referred to as noise-correlated Brillouin
optical reflectometry in the literature. This system achieved distributed BFS measurement with a spatial resolu-
tion of 19 cm and an extended sensing range of ~ 250 m, a feature attributable to the specifications of the optical
delay generator. However, due to the constraints of its minimal delay step size, the measurements were conducted
at intervals of 30 cm along the sensing fiber. As a result, the realm of high-resolution distributed sensing has
not been fully explored. While achieving higher spatial resolution is of some technical interest, it comes with
the trade-off of a reduced SNR, offering insights into the potential capabilities of the low-coherence BOCDR.
Moreover, although certain experimental parameters affecting the spatial resolution were investigated, the effect
on the systematic errors caused by direct sinusoidal modulation of the light source, commonly observed in
standard BOCDR systems?®-*, was not assessed.

In this work, we utilize low-coherence BOCDR with a noise-modulated laser to perform distributed BFS
measurements with an improved spatial resolution of approximately 3 cm. Through both simulation and experi-
ment, we establish that the low-coherence BOCDR configuration is inherently resistant to the systematic errors
caused by direct sinusoidal modulation of the laser. It is important to note that this paper complements the
preliminary results presented in our previously submitted conference paper?'. This work augments the existing
literature by offering a comprehensive set of experimental results using pseudo-strain, simulation outcomes
elucidating the mechanisms behind the suppression of systematic errors, and an in-depth analytical discussion.

Principle and method
In standard BOCDR, the laser output undergoes sinusoidal frequency modulation using the synthesis of optical
coherence functions technique?®, generating correlation peaks along the sensing fiber!!. Typically, the sensing fiber
length is limited to maintain a single correlation peak, although exceptions have been reported®>*. By sweeping
the modulation frequency, the position of the correlation peak can be scanned along the fiber, enabling distrib-
uted BFS measurements. The spatial resolution is determined by the modulation frequency and amplitude'.
In contrast, low-coherence BOCDR employs a low-coherence light source and generates a single correlation
peak (Oth order) at the point where there is no optical path length difference between the signal and reference
paths. By altering the optical path length using a variable optical delay line, the sensing point can be scanned
along the fiber for distributed measurements. The spatial resolution is dictated by the coherence length of the
light source, as given by**
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where Az represents the spatial resolution, ¢ is the speed of light in vacuum, # is the refractive index of the fiber
core, and Af is the linewidth of the light source. Consequently, standard BOCDR and low-coherence BOCDR,
both based on spontaneous Brillouin scattering, differ in the factors influencing spatial resolution and measure-
ment range.

Figure 1 illustrates the experimental setup of low-coherence BOCDR. Considering the lower signal-to-noise
ratio of BOCDR compared to BOCDA, a noise-modulated distributed-feedback laser diode (LD) (WSLS-
934010C1124-58, CivilLaser) with controllable linewidth through modulation amplitude was employed as the
low-coherence light source, instead of using amplified spontaneous emission (ASE) or other broadband sources.
The LD output was split into signal and reference light using an optical coupler. The signal light was amplified
to 25.0 dBm by an erbium-doped fiber amplifier (EDFA) and injected into the sensing fiber through an optical
circulator. The spontaneous Brillouin scattered light from the sensing fiber was further amplified to 1.8 dBm
using another EDFA. The reference light underwent polarization scrambling, was amplified to 2.8 dBm, and
passed through a variable optical delay line (75 cm in variable fiber length, ADL-200-25-SM-FS, Alnair Labs).
Subsequently, it was mixed with the returned signal light for self-heterodyne detection. The resulting beat signal
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Figure 1. Experimental setup of low-coherence BOCDR. EDFA erbium-doped fiber amplifier.
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was converted to an electrical signal using a photodetector, and the Brillouin gain spectrum (BGS) was observed
using an electrical spectrum analyzer (ESA). Distributed measurements were performed by continuously adjust-
ing the length of the variable optical delay line to sweep the sensing position along the fiber.

Experiments

Initially, the laser linewidth was measured as a function of the peak-to-peak current of the noise modulation,
as depicted in Fig. 2a. The direct current bias was set to 140 mA. Due to the limited frequency resolution of the
optical spectrum analyzer (AQ6370, Yokogawa Electric), the laser linewidth was directly measured only when
the modulation current ranged from 50 to 120 mAp-p. The laser linewidth without modulation (~ 3 MHz, as
specified in the datasheet) was also included in the plot. As the modulation current increased, the laser linewidth
expanded, albeit with a decreasing dependence coeflicient. These data points were fitted using a second-order
polynomial curve. Figure 2b illustrates the theoretical spatial resolution calculated from the fitted curve and
Eq. (1). As the modulation current increased, the theoretical spatial resolution improved gradually (with smaller
values) and stabilized around 3 cm for higher modulation currents.

Subsequently, two types of distributed strain measurements based on low-coherence BOCDR were dem-
onstrated. In the first measurement, a sensing fiber with the structure shown in Fig. 3 was employed. Strains
up to 1.0% were applied to a 10-cm-long section of a 4.4-m-long silica single-mode fiber (SMF) with a BFS of
approximately 10.8 GHz at room temperature. The strained section was fixed on movable stages using two 4-cm-
long glued parts, resulting in a total fixed length of 18 cm. The BGS and BFS distributions were measured along
a 37.5-cm-long fiber segment, including the strained part, with 50 measurement points. The noise modulation
current was set to 120 mAp-p, corresponding to a spatial resolution of 3.2 cm, as shown in Fig. 2b.

Figure 4a, b present the normalized BGS distribution (measured at 1.0% strain) and the BFS distributions
measured for different applied strains, respectively. Both figures clearly identify the strained region. With increas-
ing applied strain, the BFS linearly shifted to higher frequencies, exhibiting a coefficient of 357 MHz/%, which is
slightly lower than the typical value for silica SMFs. The gradual BFS shift reflects the strain distribution inside
the glued parts, as indicated by the subsequent measurement. The lower strain coeflicient of the BFS mentioned
earlier is attributed to the dispersed strain rather than concentration solely on the strained section. The measured
results exhibit high symmetry along the fiber length direction. In Fig. 4a, the skewness (absolute value) of the
BES distribution within this range is as low as 1.33 x 107°. This observation indicates that the BFS distributions
obtained through this technique are free from the distortion caused by the phase difference between amplitude
modulation (AM) and frequency modulation (FM) often observed in standard BOCDR systems**%’.
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Figure 2. (a) Laser linewidth plotted as a function of the noise modulation current. The red solid curve is a
polynomial fit. (b) Dependence of the theoretical spatial resolution on the noise modulation current.
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Figure 3. Structure of the sensing fiber used in the first measurement. SMF single-mode fiber.
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Figure 4. (a) Normalized BGS distribution measured when applied strain was 1.0%. (b) Measured BFS
distributions with different applied strains.

In the second measurement, to eliminate the strain distribution induced in the glued parts and showcase
higher spatial resolution, a sensing fiber with the structure depicted in Fig. 5 was utilized. A 4-cm-long dis-
persion-shifted fiber (DSF) with a BES of approximately 10.5 GHz was spliced to 1.8 m- and 1.0-m-long SMFs
to create a pseudo-strain. The noise modulation current was set to 120 mAp-p, corresponding to a theoretical
spatial resolution of 3.2 cm. The BGS and BFS distributions were measured along a 10.0-cm-long fiber segment
encompassing the DSF with 40 measurement points.

The measured normalized BGS and BFS distributions are shown in Fig. 6a,b, respectively. Along a short
section, the BFS shifted from approximately 10.81-10.48 GHz (matching the BES of the DSF), and the length
of the BFS-shifted section aligns well with the length of the DSE At the boundaries between the SMF and DSE,
the BES experienced an abrupt change, which is distinct from the gradual change observed in Fig. 4 of the first
measurement. It should be noted that the relatively prominent peak observed at approximately 10.65 GHz in
the BGS corresponds to a higher-order Brillouin peak of the DSE. As its power consistently remains weaker than
that of the main Brillouin peak, its influence on distributed measurements is negligible. Once again, the meas-
ured BFS distribution demonstrates a remarkable degree of symmetry along the fiber length direction, evident
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Figure 5. Structure of the sensing fiber used in the second measurement. DSF dispersion-shifted fiber.
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Figure 6. Measured distributions of (a) BGS (normalized) and (b) BFS.
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from the skewness (absolute value) of the BFS distribution in Fig. 6b, which measures 9.03 x 10™%. Our results
indicate that the performance of this system remains unaffected by the AM-FM phase difference observed in
standard BOCDR?%. The high precision and reliability of distributed strain measurements achieved through
low-coherence BOCDR are significant advantages of this technique.

Simulation

To clarify the reason for the suppressed systematic errors in low-coherence BOCDR, we conducted a detailed
analysis, following a method outlined in Ref.*°, to calculate both the BGS and BES distributions. We distinguish
between “intrinsic BGS,” which represents the BGS at each position along the FUT, and “measured BGS,” which
is the BGS observed using BOCDR. These two types of BGS distributions inherently differ. The measured BGS
is derived from the square of the two-dimensional convolution of the “beat spectrum” and the intrinsic BGS
distribution. The beat spectrum is defined as the power spectrum obtained from the Fourier transformation of
the cross-correlation between the reference and Stokes light'>.

The essential difference between standard BOCDR and low-coherence BOCDR lies in their respective beat
spectra, generated by distinct modulation methods. A typical beat spectrum for standard BOCDR with sinusoi-
dal modulation is depicted in Fig. 7a; the following conditions are assumed: FM amplitude =1 GHz; modula-
tion frequency = ~ 1 MHz; minimum-to-maximum AM ratio = 3 dB; AM-FM phase delay = /4; nominal spatial
resolution = ~ 1.0 m; measurement range =~ 100 m; FUT length =20 m. The beat spectrum exhibits a sharp
correlation peak at the center, but some components spread in the four directions from the peak, and these
components are not completely symmetrical because of the AM-FM phase delay. Conversely, a typical beat
spectrum for low-coherence BOCDR with noise modulation is shown in Fig. 7b, where white noise with an
amplitude of 1 GHz is assumed. It shows a similarly sharp correlation peak at the center, but with all the other
components randomly scattered.

By two-dimensional convolution of these beat spectra with the intrinsic BGS distributions (strained
length =4.9 m; strain=0.11%, corresponding to a BFS change in a silica SMF of 50 MHz), we calculated the BGS
and BFS distributions for both standard and low-coherence BOCDR. Our findings, illustrated in Fig. 8a,b (BGS
distributions), and subsequently in Fig. 9 (BFS distributions), reveal that low-coherence BOCDR offers a more
accurate BFS distribution, closely aligning with the intrinsic (or actual) strain distribution. Thus, our simulation
elucidates the mechanisms by which low-coherence BOCDR mitigates the AM-FM phase delay-induced errors,
primarily attributed to differences in beat spectra.

Conclusion

We have demonstrated the effectiveness of low-coherence BOCDR utilizing a noise-modulated LD for distributed
BFS measurements. With a spatial resolution of approximately 3 cm, our system surpasses the previous reported
resolution by more than sixfold”’. Through both simulation and empirical testing, we have substantiated that this
approach effectively mitigates systematic errors arising from the AM-FM phase delay commonly encountered in
direct sinusoidal laser modulation—a factor that often leads to distortions in BFS distributions in conventional
BOCDR systems. While we acknowledge the current inconvenience associated with adjusting the variable delay
line for sensing position control, we propose that this limitation could be overcome through the use of a periodi-
cally noise-modulated light source. Our research suggests that low-coherence BOCDR offers considerable prom-
ise for distributed strain measurements. Its multiple advantages—including single-end accessibility, enhanced
spatial resolution, system simplicity, cost-effectiveness, and improved measurement accuracy—underscore its
potential applicability and practicality across a broad range of use-cases.
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Figure 7. Comparative beat spectra for (a) standard BOCDR with sinusoidal modulation and (b) low-
coherence BOCDR with noise modulation. The color bars show the normalized power.
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Figure 8. Measured BGS distributions of (a) standard BOCDR with sinusoidal modulation and (b) low-
coherence BOCDR with noise modulation. The color bars show the normalized power.
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Figure 9. BFS distributions for standard BOCDR (represented in blue) and low-coherence BOCDR
(represented in red). The black dotted lines indicate the intrinsic strain distribution, which closely aligns with
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red plots.

Data availability
Data underlying the results presented in this paper are not publicly available at this time but may be obtained
from authors upon reasonable request.

Received: 3 June 2023; Accepted: 12 October 2023
Published online: 16 October 2023

References

1.
2.

3.

Agrawal, G. P. Nonlinear Fiber Optics (Academic Press, 2019).

Horiguchi, T. & Tateda, M. BOTDA-nondestructive measurement of single-mode optical fiber attenuation characteristics using
Brillouin interaction: Theory. J. Lightwave Technol. 7, 1170 (1989).

Kurashima, T., Horiguchi, T., Izumita, H., Furukawa, S. & Koyamada, Y. Brillouin optical-fiber time domain reflectometry. IEICE
Trans. Commun. E76-B, 382 (1993).

. Wang, Y., Chen, L. & Bao, X. Single-shot chirped pulse BOTDA for static and dynamic strain sensing. Opt. Lett. 46, 5774 (2021).
. Soto, M. A, Yang, Z., Ramirez, J. A., Zaslawski, S. & Thévenaz, L. Evaluating measurement uncertainty in Brillouin distributed

optical fibre sensors using image denoising. Nat. Commun. 12, 4901 (2021).

. Garus, D., Krebber, K., Schliep, F & Gogolla, T. Distributed sensing technique based on Brillouin optical-fiber frequency-domain

analysis. Opt. Lett. 21, 1402 (1996).

Scientific Reports |

(2023) 13117531

| https://doi.org/10.1038/s41598-023-44801-4 nature portfolio



www.nature.com/scientificreports/

7. Minardo, A. et al. Proposal of Brillouin optical frequency-domain reflectometry (BOFDR). Opt. Express 24, 29994 (2016).

8. Hotate, K. Brillouin optical correlation-domain technologies based on synthesis of optical coherence function as fiber optic nerve
systems for structural health monitoring. Appl. Sci. 9, 187 (2019).

9. Hotate, K. & Hasegawa, T. Measurement of Brillouin gain spectrum distribution along an optical fiber using a correlation-based
technique-proposal experiment and simulation. IEICE Trans. Electron. E83-C, 405 (2000).

10. Wang, B., Fan, X., Fu, Y. & He, Z. Dynamic strain measurements based on high-speed single-end-access Brillouin optical correla-
tion domain analysis. J. Lightwave Technol. 37, 2557 (2019).

11. Li, Z. et al. Dynamic strain measurement based on ultrafast Brillouin collision in the correlation domain. Opt. Lett. 46, 3488 (2021).

12. Mizuno, Y., Zou, W., He, Z. & Hotate, K. Proposal of Brillouin optical correlation-domain reflectometry (BOCDR). Opt. Express
16, 12148 (2008).

13. Mizuno, Y., Zou, W., He, Z. & Hotate, K. Operation of Brillouin optical correlation-domain reflectometry: Theoretical analysis
and experimental validation. J. Lightwave Technol. 28, 3300 (2010).

14. Mizuno, Y., Hayashi, N., Fukuda, H., Song, K. Y. & Nakamura, K. Ultrahigh-speed distributed Brillouin reflectometry. Light Sci.
Appl. 5, €16184 (2016).

15. Zhu, G. et al. Wide-dynamic-range Brillouin optical correlation-domain reflectometry with 20-kHz sampling rate. IEEE Sens. J.
22, 6644 (2022).

16. Mizuno, Y., Lee, H. & Nakamura, K. Recent advances in Brillouin optical correlation-domain reflectometry. Appl. Sci. 8, 1845
(2018).

17. Galindez-Jamioy, C. A. & Lépez-Higuera, J. M. Brillouin distributed fiber sensors: An overview and applications. J. Sens. 2012,
204121 (2012).

18. Bao, X. & Chen, L. Recent progress in Brillouin scattering based fiber sensors. Sensors 11, 4152 (2011).

19. Coscetta, A., Minardo, A. & Zeni, L. Distributed dynamic strain sensing based on Brillouin scattering in optical fibers. Sensors 20,
5629 (2020).

20. Hotate, K., Goh, W.,, Mizuno, Y. & He, Z. Brillouin optical correlation-domain analysis based on simultaneous utilization of sinu-
soidal and noise modulation. Proc. IEICE Gen. Conf. 2008, 469 (2008).

21. Cohen, R,, London, Y., Antman, Y. & Zadok, A. Brillouin optical correlation domain analysis with 4 millimeter resolution based
on amplified spontaneous emission. Opt. Express 22, 12070 (2014).

22. Zarifi, A. et al. Highly localized distributed Brillouin scattering response in a photonic integrated circuit. APL Photon. 3, 036101
(2018).

23. Zhang, J. et al. Brillouin optical correlation domain analysis based on chaotic laser with suppressed time delay signature. Opt.
Express 26, 6962 (2018).

24. Wang, Y. et al. Millimeter-level-spatial-resolution Brillouin optical correlation-domain analysis based on broadband chaotic laser.
J. Lightwave Technol. 37, 3706 (2019).

25. Zadok, A. et al. Random-access distributed fiber sensing. Laser Photon. Rev. 6, L1 (2012).

26. London, Y., Antman, Y., Preter, E., Levanon, N. & Zadok, A. Brillouin optical correlation domain analysis addressing 440000
resolution points. J. Lightwave Technol. 34, 4421 (2016).

27. Zhang, M. et al. Impact of Brillouin amplification on the spatial resolution of noise-correlated Brillouin optical reflectometry.
Chin. Opt. Lett. 15, 080603 (2017).

28. Song, K. Y. & Choi, J. H. Measurement error induced by the power-frequency delay of the light source in optical correlation-domain
distributed Brillouin sensors. Opt. Lett. 43, 5078 (2018).

29. Song, K. Y, Youn, J. H. & Choi, J. H. Suppression of systematic errors in Brillouin optical correlation domain analysis based on
injection-locking. J. Lightwave Technol. 37, 4421 (2019).

30. Zhu, G, Noda, K., Lee, H., Nakamura, K. & Mizuno, Y. Error compensation in Brillouin optical correlation-domain reflectometry
by combining bidirectionally measured frequency shift distributions. Appl. Phys. Express 14, 052006 (2021).

31. Otsubo, K., Kiyozumi, T., Noda, K., Nakamura, K., Lee, H. & Mizuno, Y. High-resolution low-coherence Brillouin optical corre-
lation-domain reflectometry with suppressed systematic error. 28th International Conference on Optical Fiber Sensors (OFS-28),
Hamamatsu, paper W4.46. arXiv:2304.10111

32. Mizuno, Y., He, Z. & Hotate, K. Measurement range enlargement in Brillouin optical correlation-domain reflectometry based on
temporal gating scheme. Opt. Express 17, 9040 (2009).

33. Mizuno, Y., He, Z. & Hotate, K. Measurement range enlargement in Brillouin optical correlation-domain reflectometry based on
double-modulation scheme. Opt. Express 18, 5926 (2010).

34. Fercher, A. F. Optical coherence tomography. J. Biomed. Opt. 1,157 (1996).

Acknowledgements

This work was partly supported by the Japan Society for the Promotion of Science (21H04555, 22K14272, and
20J22160), the Yazaki Memorial Foundation for Science and Technology, the Takahashi Industrial and Economic
Research Foundation, and the Konica Minolta Science and Technology Foundation.

Author contributions
Y.M. conceived the experiments, K.O., G.Z., TK., and K.N. conducted the experiments and simulation, K.O.,
G.Z.,K.N,, H.L,, and Y.M. analyzed the results. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023) 13:17531 | https://doi.org/10.1038/s41598-023-44801-4 nature portfolio


http://arxiv.org/abs/2304.10111
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:17531 | https://doi.org/10.1038/s41598-023-44801-4 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Systematic-error suppression in low-coherence Brillouin optical correlation-domain reflectometry
	Principle and method
	Experiments
	Simulation

	Conclusion
	References
	Acknowledgements


