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The paper presents a simple fiber-optic sensor technique based on methods of correlation optical time domain reflectometry. A correlation
reflectometry technique can measure a distribution of the reflection coefficient along the optical fiber by calculating the correlation function
between a probe optical signal (reference) and the signal returned back due to reflections or/and back-scattering from the fiber under the tes
To obtain the best sensor performance, the probe signal power should be a truly random function of time. As an optical source, we use &
free-running DFB laser diode operating in a continuous wave regime without any external modulation. To generate the probe test signal,
laser light is passed through an interferometer with an optical path difference much longer than the coherence length of the laser light. The
light intensity at the interferometer output has a truly random fluctuations, and its autocorrelation function is suitable for correlation optical
reflectometry. We present results of experimental verification of the techniques in different sensor configurations. Multipoint sensor using
very low reflective fiber Bragg gratings with reflectivity of 0.05% printed in a long SMF-28 optical fiber was demonstrated.
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1. Introduction FBGs with the same Bragg wavelength. As a result, FBGs
with very low reflectivity have to be used in order to reduce a
The optical fibers can be used as sensors to measure mechamsss-talk noise level [5]. For usual pulse OTDR, that results
ical stress, deformation, temperature, pressure, and other p@- problems associated with the need to use short high en-
rameters. The small size and the fact that electricity doeergy pulses and long averaging time in order to obtain a good
not circulate through them, give certain advantages over elegignal-to-noise ratio. To overcome this problem, the optical
trical sensors. They are immune to electromagnetic fieldsenergy emitted in a single short impulse can be spread over a
in addition to the absence of electrical connections. Suclnuch longer time interval and the correlation detection of sig-
properties of optical fibers allow them to be used in a high-nals returned from the sensing fiber can be used. For proper
risk explosive environmenie(g mines, pipelines). One of measuring of distribution of reflectors along the optical fiber,
the main advantages of fiber optic sensors is the capabithe autocorrelation function of the probe light has to be like
ity to perform distributed sensing. There are several typeshe delta-function. Correlation signal processing is widely
of distributed fiber optic sensors using light scattering ef-used in different measuring techniques for the detection and
fects such as Rayleigh, Raman, or Brillouin backscatteringrecognition of weak signals in a presence of a high level of
as well as arrays of lumped weak reflectors [1-3]. Sensorfoise. In optics, it is used in correlation OTDRs, LIDARs
based on in-fiber Bragg gratings (FBGs) have demonstrateff,8], etc.
a great multiplexing capacity which allows having a large  For optical time domain reflectometers multiplexed sen-
number of sensors in a single optical fiber and to build quasisors so -called Code Division Multiplexing has been demon-
distributed sensors with lengths of up to several kilometersstrated [7]. It is based on the correlation property of a pseu-
The wavelength-division multiplexing (WDM) method and dorandom binary sequence code. Usually, a laser light inten-
Time-division multiplexing (TDM) dominate application of sity is modulated with a pseudorandom bit sequence, and de-
FBG sensing [3-6]. multiplexing of signals from different reflectors can be per-
The ability to multiplex many sensors is important for formed by calculating the correlation function using a differ-
practical reasons since it can reduce complexity and cost pent delayed version of the code.
sensing point. Therefore, the interrogation techniques which  |n this paper, we demonstrate a new optical reflectometer
can be easily integrated with the multiplexing concept can bé&ased on correlation detection [9-11]. Unlike most reported
of practical interest. techniques, the proposed technique does not need any short-
Interrogation methods based on the Optical Time Domairpulse sources or light intensity modulators but uses an un-
Multiplexing technique require the use of nominally identical modulated CW DFB laser whose natural phase noise is con-
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FIGURE 1. Experimental set up.

verted into random amplitude modulation by an unbalancedhg the reflection spectra of FBGs. The laser output was cou-
interferometer. The distribution of the back-reflected lightpled to an imbalanced interferometer with a length difference
is obtained by calculating the cross-correlation between thbetween arms of 100 meters; that is longer than the coher-
reference and back-reflected optical signals. We describe ttence length of the laser light. At the interferometer output,
operating principle of the proposed technique and present thevo waves are delayed much more than the coherence time

results of the experimental verification. of the laser light. Therefore, the mean light power at inter-
ferometer output is stable and no interference fringes can be
2. Principle of operation and experiment observed. However, an instant light power fluctuates rapidly

due to the efficient conversion of the input phase noise into
Figure 1 shows the schematic diagram for experimental verintensity noise. Figure 2 shows an example of a realization of
ification of the proposed technique. As a light source, wethe reference signal from the photodetector with a bandwidth
used a conventional CW DFB diode laser with a simple curof 10 MHz and the autocorrelation function of the reference
rent/temperature controller. Modulation of the laser light in-signal.
tensity is not required in our scheme. However, if necessary, The fiber optic coupler 99/1 directed approximately 1%
the wavelength of the output light can be slowly swept withinof light intensity to the reference photodetector. Its signal
the interval of 2 nanometers by sweeping the current of theerves as the reference signal. The probe signal is launched
Peltier element and thus changing the temperature of the laséno the sensing fiber through a fiber optic circulator. Light
diode crystal. The sweep of wavelength was used for measusignals reflected from the sensing fiber were received with
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FIGURE 2. a) An example of the reference signal realization, and b) its autocorrelation function.
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FIGURA 3. Cross-correlation function obtained for optical fiber

SMF-28 with 3 FBGs at the fixed wavelength of the laser light. It Figura 4. Reflection spectra of 2 FBGs measured for 2 levels of

represents OTDR trace with peaks’ positions and amplitudes correqpplied strain. First measurement was performed without straining

sponding to the position and reflectivity of each FBG at the probe the fiher and measured spectra are shown in blue color. Then, ax-

light wavelength. ial tension (strain level of 7@-strains) was applied to one grating
with while another one was kept without deformation. Results are

the signal photodetector, which was similar to the referenc&hown in red color.

one. The intensity at the signal photodetector appears as the

sum of signals reflected by all FBGs sensors. the spatial resolution to about 10 meters. Figure 2b) demon-
Each signal is delayed by the time-of-flighi, which de-  strates the autocorrelation function of the reference signal
pends on the position of the particular FBG along the opticakhown in Fig. 2a). One can see a good form of the auto-
fiber,t; = 2L/v, wherew is the speed of the light in the correlation peak with a very low level of side-lobes.
fiber andL is the distance between the circulator and the par- o
ticular FBG in the fiber. Signals from the reference and the Figure 3 demonstrates the distribution of reflectors along
signal detectors were digitized with a two-channel acquisithe fiber the measured containing 3 FBGs at distances 1008,
tion board using a sampling rate of 25 MHz and processeé550v and 1610 m from the C|rcu_lator,. as itis shownin Fig. 1.
in the PC. The multiplexing of the sensor is achieved by callMeasurements were done at a fixed light wavelength. A sam-
culating the correlation function between a reference and reRl€ of the cross-correlation function shown in Fig. 3 was ob-
flected channels. The correlation function appears as a dig@ined after averaging a time of 10 ms. The positions of the
tribution of the reflection coefficient along the optical fiber. three sharp peaks correspond to the spatial positions of the
In the case of lumped reflectors, such as FBGs are, this dishree FBGs along the fiber. The amplitudes of the peaks cor-
tribution contains peaks. The positions and the amplitude&&spond to the reflectivity of the Bragg gratings at the inter-

of cross-correlation peaks correspond to positions of FBGEPdation wavelength.
along the optical fiber and to the reflectivity of the correspon- As was mentioned above,the reflection spectra of FBGs

dent FBG at the wavelength of interrogating light. can be obtained by sweeping the laser light wavelength and

FBGs were printed dil’eCtly intO SMF-28 fiber at distanceSmeasuring amp“tudes Of the Corresponding peaks as a func-
of 1008, 1550, and 1610 m from the circulator. The Iength Oftion of Wavelength_ Figure 4 presents resu'ts for two SUCh
each grating was 1 mm and maximum reflectivity of 0.05%.measurements. Reflection spectra for 2 FBGs were detected
The FBG's reflection spectra were very similar. The mearyjrstly without strain applied to any of the gratings. Optical
power of the probe light coupled to the sensing fiber was keflection spectra with no strain applied to the fiber Bragg
mW. gratings are shown by blue colors. Then, one FBG was

A spatial resolution of the correlation-based reflectome-strained uniformly while another one was kept without de-
ters depends mainly on the width of the auto-correlation funcformation. The longitudinal strain level applied to the grat-
tion of the photo detected signal. For white noise, the autoing was7 x 10~ or 70 ue. Results for the second mea-
correlation function can be approximated by the Delta funcsurements are shown in Fig. 4 with red color. One can see
tion, and the spatial resolution for such a probe signal is pothat the Bragg wavelength for the second unstrained FBG re-
tentially the best. In practice, the linewidth of the light sourcemains the same in both measurements, whereas the strained
or the receiver bandwidth will be the main restrictive factor. FBG demonstrates so called red shift of 75 pm. This value
In our setup, the laser line bandwidth was about 8 MHz anatorresponds very well to a typical sensitivity of FBG sensors
limited to strain at a wavelength around 1550 nm.

Supl. Rev. Mex.iB. 2 (1) 87-90



90 M.G. SHLYAGIN, L. A. ARIAS, AND JORGE H. LOPEZ

3. Conclusion cross-correlation function provides a value of reflectivity for
each fiber Bragg grating at the probe wavelength. Reflection

We presented a very simple technique for multiplexing ancPectra of FBGs can be obtained by tuning the diode laser
interrogation of Fiber Bragg Grating sensors using a D,:Bwave_length with temperature and calculating the correlatlo.n
diode laser operating in CW mode. The technique is basefnction for each probe wavelength. Results of the experi-

on correlation detection of probe signals reflected by the fibefental verification of the technique were presented.

Bragg gratings. Phase noise of the DFB diode laser converted

into intensity noise with an imbalanced interferometer waspcknowledgments

used as a probe signal. Demultiplexing was performed by

calculating the cross-correlation function between the probén memory of our dear friend and colleague, Dr. Eugeny

reference signal and the signal reflected by the fiber. Th&uzin.
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