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Abstract

We have designed a new fiber laser configuration with an injection-locked DFB laser
applicable for phase-sensitive optical time-domain reflectometry. A low-loss fiber opti-
cal ring resonator (FORR) is used as a high finesse filter for the self-injection locking of
the DFB (IL-DFB) laser. By varying the FORR fidelity, we have compared the DFB laser
locking with FORR operating in the under-coupled, critically coupled, and over-coupled
regimes. The critical coupling provides better frequency locking and superior narrowing
of the laser linewidth. We have demonstrated that the locked DFB laser generates a
single-frequency radiation with a linewidth less than 2.5 kHz if the FORR operates in
the critically coupled regime. We have employed new IL-DFB laser configuration oper-
ating in the critical coupling regime for detection and localization of the perturbations in
phase-sensitive OTDR system. The locked DFB laser with a narrow linewidth provides
reliable long-distance monitoring of the perturbations measured through the moving
differential processing algorithm. The IL-DFB laser delivers accurate localization of the
vibrations with a frequency as low as ~50 Hz at a distance of 9270 m providing the
same signal-to-noise ratio that is achievable with an expensive ultra-narrow linewidth
OEwaves laser (OE4020–155000-PA-00).

Keywords: fiber laser, self-injection locking, phase-sensitive OTDR

1. Introduction

Distributed fiber optic sensors are widely used for variety of applications such as structural

health monitoring, perimeter and pipeline security, temperature, pressure, strain, and vibration

measurements due to its lightweight, ease of installation, and immunity to electromagnetic fields

[1–18]. One of the modern forward-looking fiber optic techniques, the so-called phase-sensitive

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



optical time-domain reflectometry (w-OTDR), enables detection of acoustical perturbations along

sensing optical fibers of several kilometers length [19–22].

Such optical sensor analyzer operates as a conventional OTDR, where a light pulse is

injected into the optical fiber and Rayleigh backscattering radiation originating from the

natural refractive index inhomogeneities frozen in the fiber core is recorded as time-

dependent traces. However, in contrast to the conventional OTDR utilizing low coherence

laser sources and hence based on recording of Rayleigh backscattering intensity, the w-OTDR

systems require highly coherent lasers with a coherence length exceeding the pulse duration

and employ a difference between consequent time-dependent traces as a readout signal. For

proper operation of w-OTDR systems, the allowed optical frequency shift between two

neighboring pulses should be low enough to keep Rayleigh backscattering interference

pattern recorded as a result of pulse reflections from multiple scattering fiber centers

unchangeable. Under these conditions, two consecutive traces recorded in an undisturbed

fiber are identical. Meanwhile, any change in geometry of the frozen distribution of the

refractive index in the fiber core caused by stress, strain, or temperature variations applied

to some fiber points affects the difference between successive traces and, therefore, can be

detected and localized with w-OTDR systems [19–22]. Typically for long-distance measure-

ments, a coherent laser source with a few kHz linewidth and frequency drift less than

1 MHz/min is required [2].

It is well known that self-injection locking of conventional telecom DFB lasers could

significantly improve their spectral performance [23–34]. In our previous works, we have

demonstrated substantial narrowing of the laser linewidth due to a spectrally selective

feedback realized with FORR built from low-cost standard fiber telecom components [35–

37]. To provide the DFB laser locking, a part of the optical radiation emitted by the DFB

laser is passed through the filtering in a fiber ring resonator and returned into the laser

cavity. This low-cost all-fiber solution allows achieving the laser linewidth as narrow as

500 Hz [36].

In this chapter, we demonstrate application of the DFB laser locked through a fiber ring cavity

for w-OTDR systems. In particular, we show that the proposed laser solution in combination

with the moving differential processing algorithm enables accurate detection and localization

of vibrations applied to the sensing fiber at a distance up to 10 km.

2. Experimental results and discussion

Figure 1 shows the experimental configuration of the DFB laser locked through a fiber optic

ring resonator (FORR). The MITSUBISHI FU-68PDF-V520M27B DFB laser with a built-in

optical isolator operates a linewidth of ~2 MHz at the wavelength of ~ 1534.85 nm. The output

DFB laser radiation is passed through an optical circulator (OC), optical coupler (C1), and

polarization controller (PC1) and then introduced into a fiber optic ring resonator. The FORR

consists of a variable ratio coupler VRC, 95/5 coupler C2 and comprises ~4 m length of a

standard SMF-28 fiber. The operation of FORR is similar to the Fabry-Perot interferometer
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with the reflected power detected in port B and transmitted power directed to the coupler C3

[20]. The radiation at the port A is used as an output of the injection-locked DFB (IL-DFB) laser,

while port B and C are connected to detectors for the monitoring of the reflected and transmit-

ted powers, respectively. Optical isolators prevent reflections from the fiber ends that poten-

tially could affect the DFB laser behavior. The polarization controller (PC2) and the optical

switcher (OS) are used to adjust the feedback strength and activate or deactivate the optical

feedback loop that returns transmitted through the FORR power back into the DFB laser

cavity.

Once the DFB laser frequency gets a resonance with the FORR, the DFB laser is locked in

frequency to one of the FORR frequency modes. This effect could be observed as a suppression

of the temporal power fluctuations recorded at ports C and B. Figure 2 shows typical oscillo-

scope traces of transmitted and reflected powers recorded at ports C and B, respectively. Single

Figure 1. The experimental configuration of the DFB laser locked through FORR. OC—Optical circulator, VRC—Variable

ratio coupler, C—Optical coupler, PC—Polarization controller, OS—Optical switcher.

Figure 2. Typical oscilloscope traces for transmitted and reflected powers.
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frequency regime is observed during some time intervals that are interrupted by short-time

mode hopping events. The frequency drift during the stable time interval strongly depends on

environmental conditions and can be less than 1–2 MHz/min, if the FORR is placed in an

isolation box used for environmental protection.

Stabilization of the laser operation is accompanied by stabilization of the polarization state of

the locked DFB laser radiation recorded at the port A and the transmitted power recorded at

the port C (see Figure 3). However, during the mode hopping, the polarization state can be

changed. In our previous work, we have reported two possible regimes of mode hopping [35].

The first regime, we have attributed to the hopping between FORR modes of nearest orders,

but of the same polarization state, and the second one to the hopping between orthogonal

polarizations modes of the same order. These two regimes have significantly different time

which the system takes to recover steady-state operation after the mode hopping event. In the

first most common regime, the recovery time is typically ~5 ms, but in the second regime, the

typical recovery time is significantly less and equal to ~100 μs [35].

The locking performance strongly depends on the parameters of the VRC coupler used in the

FORR. The coupling regime is defined by a relation between the VRC coupling coefficient k1
and the total losses inside the cavity α [38]:

k1 < 1� α 1� γ1

� �

under-coupling regime,

k1 ¼ 1� α 1� γ1

� �

critical-coupling regime,

k1 > 1� α 1� γ1

� �

over-coupling regime,

(1)

where the power transmission coefficient α includes all losses inside the fiber loop and γ1 is the

intensity loss in the variable ratio coupler.

Figure 4 shows the normalized reflected power versus the coupling coefficient k1 at port B. In

the critical coupling regime, the reflected power reaches the minimum, and therefore, all

nearby input power are transmitted through the FORR (see Figure 5). For that reason, the

critical coupling provides higher feedback strength leading to better locking.

Figure 3. Polarization behavior during the stable interval: a) at port a and b) at port C.
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Let us stress out that for the DFB laser locked at the resonance frequency of the FORR, the

transmitted and reflected powers from FORR are in good agreement with the theoretical

estimations.

The finesse of the resonance peak of the FORR is defined as a ratio of the FORR intermode

interval to the spectral peak width:

F ¼ FSR=Δf (2)

where FSR = c/nL ≈ 50 MHz is the free spectral range of the FORR and Δf is the full-width at

half-maximum (FWHM) of the feedback loop transmission peak.

Figure 4. Normalized reflected power versus coupling coefficient k1 at port B.

Figure 5. Normalized transmitted power versus coupling coefficient k1 at port C.
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For the FORR configuration with an additional coupler C2, Δf could be found following the

same procedure as it is described in Ref. 26 for a simple optical ring resonator. For our

resonator, the FWHM of the cavity mode can be estimated as [37]:

Δf ¼
1

2πτ
cos �1 2�

1þ α 1� γ1

� �

1� k1ð Þ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

α 1� γ1

� �

1� k1ð Þ
q

0

B

@

1

C

A
(3)

In the critical coupling regime at k1 = 0.08, Eq. (3) gives Δf = 0.77 MHz and the finesse F = 65.8.

The finesse of the resonator strongly depends on the total cavity losses and the coupling coeffi-

cient. The finesse is higher for smaller losses and lower coupling coefficients (see Figure 6).

The delayed self-heterodyne spectra of the IL-DFB laser measured with unbalanced Mach-

Zehnder interferometer [39] during the time intervals of stable laser operation at the critical

coupling regime are shown in Figure 7. The Mach-Zehnder interferometer comprises 35 km of

the delay fiber line in one arm and 20 MHz phase modulator in the other. The beat signal of

two interferometer arms is detected by 125 MHz photodiode and RF spectrum analyzer. One

can see that the DFB laser linewidth Δν decreases from approximately 2 MHz for a free

running laser to 2.4 kHz for the IL-DFB laser operating in critical coupling regime.

Assuming the Lorentzian shape of the laser line, the laser coherence length Lc [40] is described as:

Lc ¼
c

πNeffΔν
(4)

where c is the speed of the light in vacuum, Neff is the effective group refraction index in the

sensing fiber equal to 1.468 [41], and Δν is the laser linewidth.

Therefore, the coherence length is increased from approximately 26 m for a free running DFB

laser up to 27.2 km for the IL-DFB laser operating in the critical coupling regime.

Figure 6. The finesse of resonator versus coupling factor k1.
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Figure 8 shows the experimentally measured linewidth of the locked DFB laser versus the

coupling coefficient k1. The minimal linewidth of about 2.5 kHz is achieved for the laser

operating in the under-coupling and critical coupling regimes. In the over-coupling regime,

the laser linewidth significantly increases.

Figure 7. Delayed self-heterodyne spectra of the IL-DFB laser recorded with the laser stabilized for operation in the

critical coupling regime.

Figure 8. Experimental linewidth of the locked DFB laser versus the coupling coefficient k1.
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Thus, the critical coupling provides the best IL-DFB laser stability and narrowest linewidth

making the laser applicable in w-OTDR systems.

The configuration of the w-OTDR system with IL-DFB laser operating in the critical coupling

regime is shown in Figure 9. The output radiation of the IL-DBF laser is amplified by an EDFA

up to 23 mWand passes through a bandpass filter (BPF) to filter out spontaneous emission noise.

An optical intensity modulator (OIM) provides generation of optical pulses with the width of

350 ns and repetition rate of 10 kHz introduced into the sensing fiber through 1/99 coupler and

an optical circulator. The sensing fiber comprises 8400 m of standard SMF-28e and 950 m of

Raman Optical Fiber (OFS) with the loss coefficient of about 0.33 dB/km. Acoustic perturba-

tions at the frequency of 50 Hz are generated at the sensing fiber distance of 9270 m by a

loudspeaker.

The Rayleigh backscattered signal traces have been detected at the port E by 125 MHz photo-

detector and recorded by an oscilloscope. Each from about 1024 similar traces of 100 ms length

has been digitized with a speed of 20 mega samples per second.

Since a low-frequency perturbation causes very small modification of the Rayleigh scattering

traces, a simple calculation of the differences between two neighboring successive traces is not

enough to localize the perturbed fiber segment. Figure 10 shows superposition of the absolute

values of differences between all neighboring successive traces. One can see that the signal

obtained for the distance of perturbations is the same as for any other positions.

However, the signal-to-noise ratio can be significantly improved with applying a special

averaging procedure. For these purposes, we have processed the storage traces by employing

three-step algorithm which is similar to moving differential method [19].

First, we determine the partial sums by averaging of N consequent traces. Each next partial

sum is shifted by a number m of traces from the previous one. Then, we calculate the absolute

value of the differences between every consequent partial sum.

The last step of the algorithm includes an analysis of the superposition of the absolute values

for all differences.

Figure 9. Experimental scheme for detection of the perturbation in the sensing fiber. BPF—Bandpass filter, PC—Polari-

zation controller, OIM—Optical intensity modulator, OC—Optical circulator.
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Figure 11 shows the superposition of all differences for N = 75 and m = 10. The highest peak

denotes the point of the perturbation at 9270 m along the fiber under test. The signal peak

exceeds the maximum of the noise value in 1.6 times and the average value of the noise

approximately by 9 dB. Let us stress out that with the unlocked DFB laser, we never register

the perturbation even at distances less than 0.1 km.

It is experimentally demonstrated that the relation between the signal and average value of the

noise strongly depends on the shift between the averaging data arrays. However, a choice of

Figure 10. Superposition of the absolute values of differences between neighboring successive traces recorded with IL-

DFB laser.

Figure 11. Superposition of the absolute values of differences between averaged traces for IL-DFB laser, m = 10 and

N = 75.
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the number of averaging not so strongly affects the signal-to-noise ratio and could be selected

arbitrary within the interval between 40 and 120. Figure 12 shows superposition of the abso-

lute values of differences between the averaged traces for the shift m = 23 and averaging

number N = 75.

The signal peak exceeds the maximum of the noise value in 2.1 times and the average noise

value approximately by 10 dB.

Figure 13 shows a superposition of the absolute values of differences between the averaged

traces for the shift of m = 45 and averaging number N = 75. The signal peak exceeds the

maximum of the noise value in 1.4 times and the average noise value by approximately 8 dB.

A number of the performed experiments allow us to conclude that in our experimental condi-

tions, the maximum of the signal-to-noise ratio is achieved with the shift m approximately

equal to 20.

The obtained value of the signal-to-noise ratio allows correct localization of the perturbations

with the IL-DFB laser system at distances of about 10 km and resolution of around 10–15 m but

does not allow comparing a capacity of the proposed solution with commercially available

techniques.

In order to fulfill this gap, we have performed the same measurements, under the same experi-

mental conditions, but utilizing a commercially available ultra-narrow linewidth (~ 300 Hz) laser

OEwaves laser OE4020–155000-PA-00. Figure 14 shows the superposition of the subtractions of

averaged traces for the measurements utilizing OEwaves laser for the shift m = 23 and averaging

number N = 75. The signal peak at the distance of ~9270 m exceeds the highest noise signal in

about 2.25 times that is nearly the same result as obtained with our IL-DFB laser.

Figure 12. Superposition of the absolute values of differences between averaged traces for IL-DFB laser, m = 23 and

N = 75.
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3. Conclusion

We have employed IL-DFB laser configuration at the critical coupling regime for detection and

localization of the perturbations by w-OTDR system.

At the critical coupling regime, the laser power is practically totally accumulated inside the

cavity providing strong feedback for laser locking and resulting in the best laser stability and

Figure 13. Superposition of the absolute values of differences between the averaged traces for IL-DFB laser, m = 45 and

N = 75.

Figure 14. Superposition of the absolute values of the differences between average traces for ultra-narrow linewidth

OEwaves laser OE4020–155000-PA-00.
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significant narrowing of the laser generation spectrum. The locked DFB laser with the

linewidth of about 2.4 kHz provides the long-distance measurements of the perturbations as

the moving differential processing algorithm is applied. The IL-DFB laser delivers accurate

localization of vibrations at the frequency as low as low 50 Hz at the distance of ~9270 m with

the same signal-to-noise ratio that is achieved with an expensive ultra-narrow linewidth laser

OEwaves laser OE4020–155000-PA-00.

We believe that proposed solution can be useful for applications in cost-effective w-OTDR

system for the measurement of the perturbations at distances up to ten kilometers.
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