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Abstract: A distributed curvature sensor based on multicore fiber and phase-sensitive optical 

time domain reflectometry is presented, demonstrating a resolution of 10 cm over ~25 m of 

sensing range.  
OCIS codes: (290.5870   Scattering, Rayleigh; (060.2370)   Fiber optics sensors; 

 

1. Introduction 

In the last few decades, distributed optical fiber sensors have settled as the most convenient approach to 

continuously monitor long distances of fiber, featuring a vast amount of sensing points. These sensors are based 

on the analysis of the scattered light within the optical fiber, due to either Rayleigh, Brillouin or Raman effects 

[1]. The vast majority of distributed optical fiber sensors are dedicated to strain or temperature measurements 

with ever increasing sensing resolution and reduced measurement time [2]. Concentration on strain and 

temperature is due to the ITU G.652 fiber relative insensitivity to other physical quantities. On the other hand, 

recently, the development of specialty optical fibers like few modes [3], multi-core [4] or hollow-core [5] 

enabled to perform measurements that are not possible with single-mode fibers like pressure sensing [6], axial 

stress sensing [7] or gas detection [8]. One of the most promising approach is to detect the trajectory of the fiber 

(shape) using the analysis of differential strain distribution along the multiple cores of a fiber. The first 

demonstration of such a sensor based on multi-core fibers is presented in [9], where Brillouin Optical Time 

Domain Analysis (BOTDA) was used to extract the fiber shape.  

In this paper a novel highly-sensitive distributed shape sensor is proposed based on phase-sensitive Optical 

Time Domain Reflectometry (-OTDR) [10]. Making use of a multi-core fiber and the coherent Rayleigh 

scattering measured along different fiber cores, displacement measurements with extremely high precision and 

high spatial resolution are experimentally demonstrated. 

2. Sensing principle   

By measuring simultaneously the strain deviations of several cores within a multi-core optical fiber, whose 

geometry is known, it is possible to extract the information about the bending and/or curvature at each section of 

the fiber. Fig. 1 depicts the scheme of the MCF structure at the reference position, where all of the cores (cores 

C1, C2, C3) lay on the XY plane, and their position when a certain torsion is applied to the fiber (cores P0, P1, 

P2, P3), where: 
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The coordinates defining the position of the central core are 
.0 (0,0, )constP  , where 

.const  is the strain 

experienced by all of the cores of the MCF. In the same way, the location of a point P  is defined as 

.cos ,  sin ,  ( )b b b constP d d     . The bend orientation is given by 
b , while b dk   is the strain induced by 

such bending, where 1k R  is the curvature associated to a given radius of curvature R . To calculate the 

position of point P , a normal vector ( , , )x y zn n n n  is defined from the plane which 1,  2P P , and 3P  form, 

verifying that    2 1 3 1n P P P P    . Then, based on the x  and y  coordinates of the normal vector n , the bending 

orientation is defined as:   
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Since the x  and y  coordinates of point P are known (due to the known structure of the fiber), as well as 

the plane in which it is lying (given by the normal vector n ), by knowing the bending orientation, one can 

exactly locate the position of point P .  Hence, one can define the equation of the plane for this point, as: 
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Then, solving for the only unknown, the strain induced by bending can be written as: 
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Thus, the curvature is equal to:  

/bk d
 

                  (5) 

 

Consequently, if the strain (
b ) is known, one can extract the bending orientation (

b ) and the curvature ( k ) at each 

point along the fiber. Such a methodology is independent of the initial choice of the cores. Any 3 cores with different 

position that are chosen will be sufficient to perform the analysis.  

                       
Fig. 1.  a) Cross-section of the seven-core fiber used in the experiment. b) Analytical drawing of the MCF 

subject to a non-homogeneous strain along all of its cores (i.e. bending). At the bottom, all of the cores are 

aligned with the plane XY at the origin. At the top, the cores are displaced and within a plane tilted by a certain 

angle with respect to the reference position. 

 

3. Experimental Setup 

In order to study the above-mentioned approach, the scheme presented in Fig. 2 has been set up, which is a high-

performance implementation of a ϕ-OTDR sensor. In this case, the light source is a Distributed-Feedback (DFB) 

laser, whose wavelength was directly swept by tuning the bias current of the laser. Afterwards, the pulse is 

shaped by means of an Electro-Optical Intensity Modulator (Mach-Zehnder modulator) which allows producing 

sharp and short pulses of ~1 ns width, corresponding to a spatial resolution of 10 cm. The pulse width is 

externally driven by an electrical pulse generator. However, to ensure a sufficiently high Extinction Ratio (ER) 

of the optical pulses, a second EOM was used to gate the pulses, and hence, further reduce the out-of-pulse 

Rayleigh backscattered power (which provides no local information and eventually distorts the measurements). 

Aiming at increasing the pulse peak power delivered to the fiber, an Erbium-Doped Fiber Amplifier (EDFA) is 

inserted. The amplifier stage is followed by a Variable Optical Attenuator (VOA) to accurately select the desired 

power in order to avoid non-linear effects in the fiber [6]. After going through the circulator and prior to 

entering the fiber, an optical switch is used to be able to ensure comparable measurements of all the cores of 

interest in an automatized manner. The outputs of the optical switches are connected to the Fan-in/Fan-out 

device that couples the light from seven SMF to each core of the MCF, which features a maximum Insertion 

Loss (IL) of ~1.1 dB per core. The backscattered light coming out of port three of the circulator is again 

amplified by means of an EDFA to ensure a sufficiently high power upon the detector. In this case, a tunable 

Band-Pass Optical Filter (BPOF) selects the signal of interest, filtering out all of the Amplified Spontaneous 

Emission (ASE) coming out of the EDFA, and thus, limiting the sources of noise in the photodetector [7]. This 

photodetector features a bandwidth of 3 GHz, which is high enough to effectively grant a spatial resolution of 10 

cm. Ultimately, the electrical signal coming from the detector is acquired and processed by means of a high-

bandwidth oscilloscope. 
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Fig. 2. Phase-sensitive OTDR experimental setup. EOM: Electro-Optical Modulator, EDFA: Erbium-Doped 

Fiber Amplifier; VOA: Variable Optical Attenuator; MCF: Multi-Core Fiber; FAN-IN/FAN-OUT. INSET: 

Displacement setup. The MCF is attached to a vertical-moving stage on its further end (point B), and ~60 cm of 

fiber are suspended on air until reaching the base at point A, where it is fixed. 

Aiming at testing the capabilities of the presented scheme, an extra setup has been devised. The right-hand 

side of Fig. 2 shows the last section of the 24 m-long FUT, in which the fiber has been attached to a computer-

controlled translation stage (point B in Fig. 1), elevated 31.3 cm from the base. Due to the high sensitivity of the 

system, the moving platform is set to shift its position upwards or downwards in steps of ±2 mm, with a total 

displacement range of 2 cm. To secure comparable measurements, the MCF is also fixed to the base, as it is 

illustrated in point A of Fig. 2, which limits the length of the moving section of the fiber to be ~60 cm long. 

4. Experimental results 

Making use of the aforementioned setup, a series of frequency sweeps were performed while varying the 

elevation of the fiber attached to the moving-stage in steps of 2 mm. The DFB frequency was swept in steps of 

50 MHz (by acting on the laser bias current), until reaching a total range of 13.5 GHz, which brings a minimum 

strain sensitivity of 331n and a full dynamic range of 89  , according to Eq. (4). Fig. 3(a) illustrates 

the accumulated strain along the fiber for each elevation step of the moving-stage (point B in Fig. 2), where the 

strain has been estimated as the summation of the computed strain for each pair of vertical positions for three 

cores of the fiber. The evolution of the accumulated strain is given when the moving-plate is elevating the fiber 

+20 mm. The cumulated strain for the three cores is null before reaching 23 m, which is in accordance with the 

point where the fiber is attached to the base (point A in Fig. 2).  After that, and up to ~23.16 m, the second core 

(in red) experiences a positive strain (elongation), meanwhile the fourth and fifth cores (blue and green, 

respectively) experience a negative strain (compression). At that point in the fiber, there is a change in 

curvature, and thus, there is no strain induced at any of the cores. Subsequently, from ~23.16 m to 23.6 m, the 

fourth and fifth cores (blue and green) experience a positive strain (elongation) whilst the second core (red) this 

time suffers a negative strain or compression. A symmetrical behavior of cores 2 (red) and 4 (blue) is easily 

observed, from which it can be inferred their opposite location within the geometry of the MCF. 

It should be highlighted that the issue of strain-temperature cross-sensitivity can be easily overcome in this 

scheme, since the contribution of temperature to the frequency correlation peak-shift has the same influence on 

all the cores of the MCF, and hence, it can be easily detected and compensated. In addition, the section of fiber 

not subject to displacement can also be used to detect changes due to temperature variations, and it could be 

used as a reference. However, since the measurement is cumulative and because of the intrinsically-static 

acquisition time (each frequency scanning  requires 270 steps), a cumulated error is expected towards the end of 

the set of measurements due to deterioration of the operation parameters, such as pulse ER, and/or non-

linearities in the slope applied to the laser bias current. 
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Fig. 3. a) Accumulated strain due to vertical displacement, estimated as the summation of the computed strain for each pair of vertical 
positions for three cores of the fiber, where the first reference sweep is done at the lowest point (0 mm of displacement). b) Measured 

curvature (absolute value) for a variable moving-stage height, starting at the bottom (0 mm elevation), shifting upwards up to 20 mm 

(continuous lines), and going down to the original position (dotted lines). 
 

After obtaining the strain for each core, and making use of Eq. (5), one can compute the curvature along the 

entire fiber length. Fig. 3(b) illustrates the retrieved relative curvature change (in absolute value) for several 

heights of the moving-stage, starting at the lowest position (at 0 mm), going upwards up to the highest location 

(at 20 mm) and going downwards through the same steps towards the original position. The retrieved curvatures 

for each step show a strong repeatability, though, as mentioned before, the measured steps obtained after a 

longer time are affected by a higher accumulated error. 

5. Conclusion 

In conclusion, we have presented, to the best of our knowledge, the first distributed curvature/bending 

sensor based on multi-core fiber and phase-sensitive OTDR. The results demonstrate a high strain sensitivity 

(down to ~0.3 µε) over a 24 m-long MCF with a spatial resolution of 10 cm. By measuring the strain in only 

three lateral cores of the fiber one can compute the relative curvature change at each point and retrieve the shape 

of the fiber. The proposed scheme avoids the commonly faced issues of cross-sensitivity between strain and 

temperature, due to its differential working principle. Although the proof of concept is experimentally validated, 

the issue of long acquisition times must be addressed in order to facilitate the practical implementation of this 

approach. The here presented results illustrate the capabilities of the use of specialty optical fibers for distributed 

sensing, establishing the foundations of a broad range of new applications, such as dynamic shape sensing. 
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