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Abstract: We review our recent work on chirped-pulse phase-sensitive optical time-domain 
reflectometry along optical fibers and its application in the measurement of true nanostrain 
variations in the kHz frequency range over lengths up to 20 km.   
OCIS codes: (060.2370) Fiber optic sensors; (060.2430) Fibers, (290.5870) Scattering, Rayleigh. 

1. Introduction

Distributed optical fiber sensing using phase sensitive optical time domain reflectometry (ϕOTDR) [1] is gaining 
increasing attention due to its potential application in pipeline surveillance and perimeter protection [2]. In ϕOTDR 
a pulse of highly coherent light is injected into a conventional single-mode fiber and the light reflected from 
different scattering centers interferes coherently to produce the detected optical power trace [1]. Traditional phase-
sensitive ΦOTDR (single frequency, without phase recovery) allows for distributed vibration measurements with a 
high bandwidth, only limited by the fiber length, ranging from 10’s of kHz for a few kilometers [1], to 100’s of Hz 
for more than 100 km [8-12]. These measurements however, are based on intensity variations of the ΦOTDR signal, 
which do not show a linear variation with the applied perturbation. On the other hand, by precisely sweeping the 
frequency of the pulses, ΦOTDR has been shown to allow for very sensitive static measurements of refractive index 
variations, which can be used for very high-resolution temperature/strain [3] and birefringence [4] measurements. 
With these techniques, the demonstrated temperature resolutions of 0.01 ºC [3] are two orders of magnitude below 
the typical resolutions of ≈1 ºC provided by Brillouin or Raman sensors. However, due to the requirements of a 
frequency scan, in this case the measurement time and complexity of the system is increased. By recovering the 
phase of the ΦOTDR signal, the dynamic measurement of strain has also been demonstrated [5]. In this case, 
however, the system is more complex and laser coherences of at least the fiber size are required in order to avoid 
noise when beating the signal with the local oscillator. The long term-stability of such systems (i.e. after several 
minutes or hours) has not been clearly addressed either.  

Here we review our recent work on chirped-pulse ΦOTDR systems [6]. These systems use linearly chirped pulses in 
a ΦOTDR to achieve a frequency-to-time mapping of the fiber response over long lengths and in a single-shot. The 
technique uses only intensity detection, and no frequency scan or local oscillator is needed. With the proposed 
method, it is possible to combine the best features of ΦOTDR which had been previously demonstrated by separate: 
fast measurements with a bandwidth only limited by the fiber size, and measurement of temperature/strain variations 
with resolutions which can be several orders of magnitude below those provided by e.g. Brillouin. Since the 
measurement is relative, the total range of temperature/strain variation is in principle not limited, being in practice 
determined only by how the cumulative errors are handled. The technique allows measurements at kHz rates, while 
maintaining reliability over several hours. The sensitivity can also be tuned by acting on the chirp of the pulses. 
Temperature/strain resolutions of mK/(4nε) have been readily demonstrated. 

2. Working principle and results
The method proposed here for temperature/strain variation measurements originates from the principle described

in [3] that a refractive index change ∆n in the fiber can be compensated (in terms of the shape of the trace) by a 
frequency shift Δʋ of the pulse sent into the fiber. This principle is typically implemented by performing a laser 
frequency sweep. In our case, instead of requiring a time-consuming frequency sweep to determine Δʋ and calculate 
∆n, a single pulse which has linear chirp is used. Since different positions of the pulse have different frequencies, 
when a ∆n is applied, the same trace pattern at a given position can be generated by a slightly temporally-shifted 
region of the pulse, leading essentially to a longitudinal shift ∆t of the local ΦOTDR trace. It is then possible to 
calculate Δʋ (and consequently ∆n and the temperature/strain shift) from ∆t, which is obtained directly from the 
time-domain trace measurements. A detailed explanation of this working principle, including a full theoretical 
model derived from the pulse propagation equations can be found in ref. [6]. 



Fig. 1(a) presents the evolution of the trace at a given position when there is a local temperature/strain change: at 
consecutive traces, the local trace shape shifts temporally, which is recovered by cross-correlation The amount of 
shift relates to the temperature/strain change. Fig 1(b) shows the accumulated shift suffered in the trace for different 
chirp values (Chirp1 = 0.81 ± 0.02 GHz, Chirp2 = 1.62 ± 0.04 GHz and Chirp3 = 2.32 ± 0.05 GHz) and a total 
temperature change of 5ºC over 280 s. This shows two things: first, that the sensitivity scales with the inverse of the 
chirp and second, that temperature/strain variations well beyond the pulse spectral content can be measured, 
provided that the shift accumulation is computed correctly. From Fig 1(c) a similar conclusion can be derived, where 
a complete heating-cooling cycle was done over >4 hours, and a fiber-thermometer comparison was done. Fig 1(d) 
illustrates the good linearity an accuracy achieved by the system as a dynamic strain sensor, with nε resolution, 
while Fig 1(e) shows the feasibility of large static strain measurements using the same accumulation principle as 
used in Fig 1(b-c). Fig 1(f) shows again the system linearity: sinusoidal strain variations with a swept frequency 
(from 0.5 to 1.5 kHz) are applied at the end of a 11 km fiber, and recovered without harmonics and >20 dB SNR. 
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Fig. 1. (a) Trace shifts caused by a local temperature change around meter 978 of the fiber. (b) Accumulated shift 
obtained along the time for a total temperature change of 5ºC over 280 s. (c) Heating-cooling cycle performed in the 
same fiber position, comparing temperatures determined with the fiber and with an external thermometer. (d) Dynamic 
strain measured at a given position along time, compared with the input strain. (e) Large strain steps applied at a given 
position, recovered with the fiber, showing negligible error accumulation along the time. (f) Sinusoidal strain variations 
with a swept frequency applied at the end of a 11 km fiber, recovered with the proposed system. 

Acknowledgements 
We acknowledge the ERC (gr. #307441), the Spanish MINECO projects TEC2013-45265-R, TEC2015-71127-

C2-2-R, DOMINO Water JPI (PCIN-2015-219), and the regional program SINFOTON-CM: S2013/MIT-2790. JPG 
and SML acknowledge funding from the Spanish MINECO through a FPI and a “Ramón y Cajal” contract, 
respectively. HFM acknowledges EC funding through the FP7 ITN ICONE program, gr. #608099.  

3.  References  

[1] H. F. Martins, S. Martin-Lopez, P. Corredera, M. L. Filograno, O. Frazão, and M. González-Herráez, “Coherent Noise Reduction in High 
Visibility Phase-Sensitive Optical Time Domain Reflectometer for Distributed Sensing of Ultrasonic Waves,” J. Lightwave Technol. 31(23), 
3631–3637 (2013). 
[2] J. Tejedor; H. Martins; D. Piote; J. Macias-Guarasa; J. Pastor-Graells; S. Martin-Lopez; P. Corredera; F. De Smet; W. Postvoll; M. Gonzalez-
Herraez, “Towards Prevention of Pipeline Integrity Threats using a Smart Fiber Optic Surveillance System,” J. Lightwave Technol. (2016) 
[3] Y. Koyamada, M. Imahama, Kenya Kubota, and Kazuo Hogari, “Fiber-Optic Distributed Strain and Temperature Sensing With Very High 
Measurand Resolution Over Long Range Using Coherent OTDR,” J. Lightwave Technol. 27(9), 1142–1146 (2009). 
[4] M. A. Soto, X. Lu, H. F. Martins, M. Gonzalez-Herraez, and L. Thévenaz, “Distributed phase birefringence measurements based on 
polarization correlation in phase-sensitive optical time-domain reflectometers,” Opt. Express 23, 24923-24936 (2015) 
[5] Z. Wang, L. Zhang, S. Wang, N. Xue, F. Peng, M. Fan, W. Sun, X. Qian, J. Rao, and Y. Rao, “Coherent Φ-OTDR based on I/Q demodulation 
and homodyne detection,” Opt. Express 24(2), 853–858 (2016). 
[6] J. Pastor-Graells, H. F. Martins, A. Garcia-Ruiz, S. Martin-Lopez and M. Gonzalez-Herraez, “Single-shot distributed temperature and strain 
tracking using direct detection phase-sensitive OTDR with chirped pulses,” Opt. Express 24(12), 13121-13133 (2016). 


	Chirped_pulse_Asia_Communications_2016
	chirped

