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Abstract–A standard distributed feedback semiconductor laser that is self-stabilized through the frequency
capture effect of an external fiber ring resonator is able to replace the standard reference oscillator of a coher-
ent reflectometer in the system of a distributed fiber vibration sensor. A direct comparison of the signal-to-
noise ratio, as measured in configurations with a semiconductor and reference master oscillator, has been car-
ried out for quantitative assessment of the ability of the system to restore the frequency spectrum of vibrations.
Distributed measurements of vibration spectra with frequencies up to 5600 Hz and a spatial resolution of 10 m
when performed on an optical fiber at a distance of ~3500 m show a signal-to-noise ratio above ~8 dB for
both configurations. The difference between the configurations was less than 2 dB over the entire spectral
range.
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In the last decade, optical coherent reflectometry
systems have been actively developed that are special-
ized for applications in acoustic monitoring systems,
such as the protection of special facilities, oil and gas
pipelines, and railway tracks. [1–3]. Based on the
effects of Rayleigh backscattering in optical fibers, such
a system uses a stabilized high coherence laser emitter as
the master oscillator, providing a generation line width
of several kilohertz and a frequency drift of less than
~10 MHz/min [4, 5].

Standard distributed feedback semiconductor lasers
do not meet the necessary coherence requirements,
since the typical width of their generation line is several
megahertz. However, the spectral characteristics of a
semiconductor laser can be significantly improved in
the optical configuration, which provides the capture
of the frequency of the external fiber cavity by the laser
[6–10]. In this case, the width of the generation line of
a semiconductor laser can be narrowed by several orders
of magnitude (up to several kilohertz), and the stability
of the generation frequency in the frequency capture

mode is determined by the stability of the resonant fre-
quency of the external resonator.

This effect opens up prospects for creating afford-
able coherent reflectometers for a wide class of new
applications [11, 12]. In an experiment [13] we evalu-
ated the ability of a coherent reflectometer based on a
semiconductor laser with frequency capture to detect
and locate acoustic disturbances in a 4.5-km test fiber
line. It was shown that the efficiency (signal-to-noise
ratio) of detecting a vibration source and the accuracy
of its localization in this case are no worse than in the
case of using an expensive standard driver.

This article presents the results of new experiments
[14] to study the features of using a semiconductor
laser with frequency capture in a coherent reflectome-
ter system. The ability of the system to reconstruct the
frequency spectrum of disturbances was studied and a
quantitative estimate of the signal-to-noise ratio was
obtained for distributed measurements of the vibration
frequency over a length of 4000 m in the frequency
range 350–5600 Hz.

For comparison, the same measurements on the
same reflectometer and under the same conditions of
excitation of perturbations were performed using a
commercial fiber laser with an ultra-narrow genera-

1 The results of this research were presented and discussed at the
third International Conference “Optical Reflectometry, Metrol-
ogy, and Sensorics 2020” (http://or-2020.permsc.ru/, Septem-
ber 22–24, Perm, Russia).
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Fig. 1. The experimental setup for distributed variation of the vibration spectrum using a semiconductor or commercial fiber laser.
DF laser, distributed-feedback semiconductor laser; AOM, acousto-optic modulator; ErA, erbium fiber amplifier; BF, bandpass
filter; C, circulator.
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tion line (~100 Hz). This made it possible to deter-
mine the limiting parameters of the system due to the
use of a semiconductor laser with frequency capture.

The experimental configuration of a distributed
vibration sensor based on a coherent reflectometer is
shown in Fig. 1. The sensor fiber line (SMF28, Corn-
ing Inc.) with a length of L0 = 4 km is interrogated by
pulsed signals with a peak power of ~100 mW and a
duration of ~100 ns (spatial resolution ~10 m). Pulses
with a repetition rate f0 formed by an acousto-optical
modulator (AOM) from the radiation of a narrow-
band master oscillator are amplified by an erbium
amplifier (ErA). A 2 GHz bandpass filter (BF) is used
to suppress noise from spontaneous luminescence.

The sensor fiber was subjected to vibrations excited
at a point at 1800 m by a piezoelectric transducer and
at a point at 3500 m by a shaker. In particular, for
remote measurement of the vibration spectrum the
fiber at a point of 3500 m was passed through a 2-m-
long plastic tube and the vibrations were transmitted to
the fiber from a vibrator (shaker) adjacent to the tube.
The studies were carried out at vibration frequencies of
350, 500, 1200, 3700, and 5600 Hz.

Two optical sources were used in the experiment.
The first is a conventional semiconductor laser with
distributed feedback that is specialized for telecom-
munication applications. In the free mode, the laser
generates radiation at a wavelength of ~1548.5 nm with
an output power of ~7.4 mW and a generation line
width of ~1 MHz.

For forced operation of the laser in the frequency
capture mode the fiber laser output through a feed-
back line containing an optical circulator and a ring
fiber filter [15, 16] that is welded from two optical fiber
couplers with preservation of polarization with a total
length of 3.75 m is closed to itself. In the frequency
capture mode, a sharp narrowing of the width of the
generation line and self-stabilization of the laser fre-
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quency with the generation of one longitudinal mode
in the band of less than ~6 kHz occurs [9].

The use of fiber-optic components with preserva-
tion of polarization avoids an abrupt change in the
state of polarization of the laser, which is the main
source of instability [17] that disrupts laser generation
in the frequency capture mode. A laser diode current
of 50 mA (a threshold current of 10 mA) and an oper-
ating temperature of 25°C were experimentally
selected as the laser configurations to achieve the best
result and were stabilized with an accuracy of ~0.3% to
maintain the laser operation in the self-locking fre-
quency of the external resonator [18].

The entire laser system was placed in a polyure-
thane thermal and noise insulating box to protect the
laser from external disturbances. Under these condi-
tions, the laser frequency drift was mainly determined
by the temperature stability of the external ring reso-
nator and was estimated to be less than ~30 MHz/min.
The duration of continuous operation of the laser in
the frequency self-locking mode (between mode hop
events) was up to ~30 min.

The second laser used in the experiment as a refer-
ence master oscillator was a commercial fiber laser
(Koheras Adjustik, NKT Photonics) operating at a wave-
length of ~1552.5 nm with an output power of ~40 mW
and a line width of ~100 Hz. According to the specifica-
tion, the laser has a frequency drift of ~1 MHz/min.

In the process of polling the sensor fiber, each
probe pulse introduced into the fiber generates a back-
scatter signal, which is digitized by a fast photodetec-
tor using a digital converter. The original trace consists
of M = 8000 points corresponding to a uniform distri-
bution along the length of the fiber, i.e., the sampling
resolution is ~0.5 m. It used N = 932 sequentially
recorded traces that form the   signal
matrix for the vibration analysis.
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Fig. 2. Examples of traces obtained using a semiconductor (a) and a commercial fiber laser (b). The peaks in reflection patterns
show the locations of the application points of the vibration.
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Fig. 3. The spectrum of vibration frequencies at a frequency of 500 Hz from vibrations recorded at a point of ~3500 m when using
a semiconductor laser with frequency capture of an external resonator (a) and commercial fiber laser (b).
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During processing, each matrix element  was
averaged over the 20 closest row elements (i.e., in the

spatial domain): , where w = 21.

This procedure smooths the recorded traces, i.e., it fil-
ters out the noise of the signal outside the spatial spec-
trum, which corresponds to a resolution of ~10 m.
Further signal processing was applied to the columns
of the matrix (i.e., to the time domain): application of
the moving differential algorithm [13, 14] reduces the
noise background and leads to the resulting signal, as
given in Fig. 2, with pronounced peaks at the positions
of the applied perturbations.

The spectral function  of

the frequencies  describes the vibra-

tion spectrum at a fiber point xm = /(M – 1),

which is obtained from  fast Fourier transform
index .
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Figure 3 shows the  spectrum recorded for
an oscillation frequency of ~500 Hz at the point

 obtained using a semiconductor (Fig. 3a)
and commercial laser (Fig. 3b). Several (5–10) mea-
surements were performed for each frequency to
reduce f luctuations in the response [19] (associated
with stochastic f luctuations of the peak width and
background level); the presented signal-to-noise
ratios are the averaged values for each frequency.

For a configuration with a semiconductor laser
(Fig. 3a), the peak of the spectrum exceeds the maxi-
mum noise level by approximately ten times, providing
reliable recognition of the applied oscillation fre-
quency. The signal-to-noise ratio, defined as the ratio
between the peak value of the spectrum and the root
mean square level of the spectral noise, is estimated as
~9.4 dB. For the configuration with a commercial
laser (Fig. 3b), these values are almost the same, ~9
times and 9.0 dB, respectively.

( , )k mU f x

~ 3500mx m
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Fig. 4. The signal-to-noise ratio as a function of frequency from vibrations recorded at a point of ~3500 m when using a semicon-
ductor laser with frequency capture of an external resonator (a) and commercial fiber laser (b).
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The dependence of the signal-to-noise ratio on the
oscillation frequency is shown in Fig. 4. It can be seen
that the signal-to-noise ratio gradually increases with
increasing vibration frequency. This can be explained
by the narrowing of the peak of the spectrum recon-
structed using the fast Fourier transform with an
increase in the number of oscillation periods over a
fixed measurement time. At low vibration frequencies,
both configurations have the same signal to noise
ratio. For higher frequencies, slightly lower signal-to-
noise ratios are obtained with a semiconductor laser
(Fig. 4a) due to a faster drift of its frequency; at an
oscillation frequency of 5600 Hz the difference in val-
ues for the two configurations is ~10%. Over the entire
range of vibration frequencies of 500 Hz and higher
the signal-to-noise ratio in both cases exceeds ~8 dB.

Thus, we quantitatively substantiated the use of a
conventional telecommunication semiconductor laser
in the frequency capture mode of an external resonator
to operate as a master oscillator of a coherent reflec-
tometer that is specialized for detection of distributed
vibrations. The obtained signal-to-noise ratios con-
firm the ability of the system to perform distributed
measurement of vibration frequencies in the 500–
5600 Hz range with a spatial resolution of ~10 m.
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