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Abstract—The maximum detectable vibration frequency

by phase-sensitive optical time-domain reflectometer (Φ-

OTDR) is limited by the repetition rate of the pump pulse. 

Additionally, the intensity-demodulation based Φ-OTDR 

sensor suffers from the generally nonlinear dependency of 

the backscattered optical intensity on vibration. This 

makes quantitative measurement of vibration frequency 

difficult. In order to mitigate these limitations, we propose 

and demonstrate a multicore fiber (MCF) based space-

division multiplexed (SDM) Φ-OTDR and Mach-Zehnder 

interferometer (MZI) hybrid sensor, enabling truly 

uninterrupted distributed vibration sensing with broad 

vibration frequency response range and high spatial 

resolution. By taking advantage of highly integrated 

multiple spatial cores offered by a MCF, Φ-OTDR 

implemented in one of the cores is used to locate the 

vibration. Meanwhile, a MZI is constructed using another 

two parallel spatial cores with sufficient continuous-wave 

(CW) optical power from a coherent narrow linewidth 

laser, which is used to retrieve the vibration frequency by 

processing the acquired interference signal. Compared 

with the single mode fiber based hybrid systems, the 

proposed SDM configuration allows implementation of Φ-

OTDR and MZI independently without any crosstalk 

between them. Consequently it offers many unique 

advantages, such as simple data processing procedure, 

good signal-to-noise ratio (SNR) of the demodulated 

vibration frequency spectrum, no frequency dead zone, 

and single-end access. This cost-effective SDM hybrid 

sensor provides significant potential for distributed and 

accurate monitoring of vibrations. 
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I. INTRODUCTION

istributed fiber optic vibration sensor is a useful tool to

evaluate the health condition of structures through 

analyzing the measured characteristic frequency of vibrations. 

It is useful to predict the potential structural defect, like the 

crack of concrete, deformation of rail, etc. The technology has 

attracted considerable interest over the last decade due to its 

effective non-destructive testing ability [1]. On the other hand, 

distributed fiber optic vibration sensing has also been 

intensively investigated for intrusion detection [2], where its 

capability of long-range sensing is important for pipeline 

monitoring in oil and gas industry, perimeter security, etc. 

Phase-sensitive optical time-domain reflectometer (Φ-OTDR) 

is one of the most promising solutions for distributed vibration 

sensing [3]. However, the maximum detectable vibration 

frequency of Φ-OTDR is ultimately limited by the repetition 

rate of the pump pulse, which becomes an intrinsic 

shortcoming of this technology. What’s more, it should be 

pointed out that the most widely used direct detection 

intensity-demodulation (DDID) based Φ-OTDR sensor suffers 

from the nonlinear dependency of the backscattered optical 

intensity on vibration, except for very small perturbation, or it 

may show random intensity variation [3-5]. Therefore, 

sometimes quantitative vibration frequency measurement 

might be difficult to be achieved. Although phase- instead of 

intensity-demodulation has been proposed to obtain vibration 

frequency based on the linear relationship between the phase 

and the external vibration, it is at the expense of system 

complexity [6]. Additionally, phase noise becomes a severe 

problem that degrades the performance of the system [3, 7]. 

In order to address the limitations of intensity-demodulation 

based Φ-OTDR sensors, a hybrid Φ-OTDR and Mach-Zehnder 

interferometer (MZI) sensor using single mode fiber (SMF) 

has been proposed [8], which is able to simultaneously locate 

the external disturbance point and measure its vibration 

frequency. Unfortunately, the backscattered light from the 

offset CW light has led to significant degradation of the system 

SNR, and the weak optical power of the interference signal 

results in noisy signal power spectrum. Moreover, 

superposition of the pulse on the MZI interference spectrum 

also increases the complexity of data processing. A time-

division multiplexed hybrid system is then proposed [9]. But 
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the measurement of MZI and Φ-OTDR is temporally separated, 

so the whole sensing process is essentially discontinuous, 

which restricts the frequency measurement range of the system. 

Frequency-division multiplexed hybrid system has also been 

demonstrated [10], but a reference fiber that has similar length 

to that of the sensing fiber is required to construct the MZI 

configuration, which will however reduce the reliability of the 

system since the very long reference fiber is also very sensitive 

to external environment, including temperature change and 

vibration. Additionally, it must be pointed out that another 

common drawback of those reported schemes is that the 

effective sensing length is half of the total fiber length due to 

the fold-back configuration. 

Recently, space-division multiplexed (SDM) distributed 

fiber sensors using multicore fiber (MCF) have been 

developed, showing great potential to enable performance 

enhancement, e.g. achieving shape sensing [11], elimination of 

the cross sensitivity of temperature and strain [12, 13], large 

dynamic range and high measurement resolution [14]. In this 

paper, we propose and demonstrate experimentally a MCF 

based space-division multiplexed hybrid Φ-OTDR and MZI 

sensor without the drawbacks mentioned above. Specifically, 

the MZI is constructed by using two parallel spatial cores of 

the MCF, and its output is delivered to the transmitter side 

through the third spatial core, enabling single-end access. The 

MZI is used to retrieve vibration frequency by processing the 

interference spectrum with Fast Fourier Transform (FFT). 

Meanwhile, Φ-OTDR is implemented using the fourth spatial 

core to locate the vibration. In this way, both MZI and Φ-

OTDR are spatially separated but implemented in the same 

MCF using space-division multiplexing, thus it effectively 

eliminates the constraint of the hybrid system implemented in 

SMF. In addition, since both cores of the MZI are within the 

same MCF, any environment variation (e.g. temperature 

variation) induced difference on the cores is minimized. The 

proposed system enables truly uninterrupted distributed 

vibration sensing with broadband vibration frequency response 

(up to 12 kHz which is limited by the cut-off frequency of the 

voltage driver of the transducer) and high spatial resolution (1 

m over 2.42 km sensing range). Compared with hybrid sensing 

system using SMF, the proposed SDM hybrid sensing system 

using MCF enables simpler data processing procedure, much 

higher SNR of the power spectrum, no frequency dead zone, 

single-end access, etc. Therefore, it shows great potential for 

structural health monitoring, intrusion detection, and many 

other applications. 

II. MEASUREMENT PRINCIPLE

In the proposed MCF based space-division multiplexed 

hybrid Φ-OTDR and MZI sensor, the Φ-OTDR is used to 

locate the disturbance positions, which requires a narrow 

linewidth coherent laser in the system. The Rayleigh 

backscattered light from a pump pulse of duration W will 

interfere coherently at the receiver, yielding speckle-like time-

domain signal trace, whose intensity is governed by [14, 15] 
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where N is the total number of scattering points; ma and na

are the amplitudes of the scattered waves;   and 
fn  are 

attenuation coefficient and refractive index of the fiber 

respectively; c  is velocity of light in vacuum; m is round trip

time from input to the i-th scattering point at mz with

2 /m f mn z c  ; 
,m n represents the phase difference between

the m-th, and the n-th scattering points with 

, 4 ( ) /m n f m nn z z c    , in which   is the laser frequency.

In a disturbed situation, external vibration modifies the local 

refractive index of the sensing fiber and thus varies the phase 

difference 
,m n , which will alter the measured Rayleigh

backscattered optical intensity at the perturbation point. 

Therefore, by subtracting a Φ-OTDR trace from a reference 

trace, the perturbation position is determined by the location 

where optical intensity variation occurs. 

However, the maximum detectable vibration frequency by 

Φ-OTDR is limited by the repetition rate of the pump pulse, 

and in the DDID based Φ-OTDR sensor, the backscattered 

optical intensity variation is generally nonlinear to external 

vibration, except for very small perturbation. In the proposed 

SDM reflectometer and interferometer hybrid sensor, the 

measurement of vibration frequency can be carried out by the 

MZI instead of the Φ-OTDR, while Φ-OTDR is only used to 

locate the positions of vibrations. Thanks to the distinctive 

structure of multiple parallel spatial cores of the MCF, a 

unique MZI can be constructed using two independent cores of 

the MCF as its two arms. Assume the output electric fields of 

the light from two arms of the MZI are given by 1[ ( )]

1( )
j t t

E t e
 

and 2[ ( )]

2 ( )
j t t

E t e
 

, respectively. Then the output intensity 

( )I t of the interferometer can be expressed by 

2 2

1 2 1 2 1 2( ) ( ) ( ) 2 ( ) ( )cos( )cos[ ( ) ( )]PI t E t E t E t E t t t      (2) 

where   is the optical angular frequency, 1( )t and 2 ( )t

are optical phases of the light, P is the relative polarization

angle of the light between the two arms. 

It has been reported that the cores of MCF will undergo 

local tangential strain when the MCF is curved [11, 16-17], as 

shown in Fig. 1. For a specific bending radius, the strain is 

essentially dependent on the angular position of the core, as 

given by [11] 

    cos( )i
i b i

d

R
(3) 

Where  i  is the bending induced strain in core i, id  is the 

distance between core i and the fiber center, R  is the bending 

radius, b  and i  are respectively the bending angle and the 

angular position of core i. 
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Vibrations applied to the sensing fiber will alter the 

curvature of the sensing fiber; as a result the cores will 

experience different strain variation and consequently different 

phase change. Due to the vibration induced change of light 

phase difference between the two MZI arms, as well as the 

modification of relative polarization angle, the output optical 

intensity of the interferometer will vary accordingly. In this 

way, the vibration frequency can be obtained by processing the 

sampled interference spectrum with FFT. It should be pointed 

out that due to the all-solid compact and uniform arrangement 

of spatial cores in the single MCF along the whole fiber range, 

the MZI in the proposed SDM hybrid sensor has much better 

tolerance against external noise. Any common environment 

variation (e.g. temperature variation) will cause the same phase 

change in the two spatial cores, and will not affect the 

interferometer output. Therefore the reliability of the hybrid 

system is enhanced significantly. Another advantage of the 

proposed SDM configuration is that the output signal of the 

MZI can be transmitted back to the transmitter side through 

the third spatial core and then detected, which is very useful in 

practical fiber deployment with the single-end access ability. 

R
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y
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Fig. 1. Schematic diagram of the bent MCF with a bending radius of R. 

bending will generate different local tangential strains in distinct spatial cores. 

III.  EXPERIMENTAL SETUP 

The experimental setup used for the proposed SDM Φ-

OTDR and MZI hybrid sensing system is shown in Fig. 2. A 

coherent laser source with ~10 kHz linewidth has been used in 

the experiment, whose coherence length is about 6.4 km. The 

CW output of laser is divided into two branches through a 

50:50 coupler. The upper branch is then further split into two 

paths and light in the two paths are then launched into core 1 

and core 2 respectively through a fan-in coupler. Core 1 and 

core 2 form the two arms of the MZI. A tunable attenuator is 

inserted to manage the input power flexibly. The fiber under 

test (FUT) is a seven core fiber with 2.42 km length. At the far 

end, the output of the two cores from the fan-out coupler is 

combined again by a coupler to construct the MZI, and the 

coupler output is then connected to core 4, by which the 

interference signal of the MZI is transmitted back to the 

transmitter side, and is eventually detected by a 125 MHz 

photodetector (PD1). In this way, a MZI enabling single-end 

access is achieved, and sufficient optical power is available to 

ensure high SNR for the interference spectrum. On the other 

hand, the lower branch is used to implement Φ-OTDR. An 

electro-optic modulator (EOM) driven by an electrical pulse 

generator with 10 ns duration is used to generate the pump 

pulse. The pulse is then amplified by an erbium-doped fiber 

amplifier (EDFA), and passes through an optical band-pass 

filter to minimize the amplified spontaneous emission (ASE) 

noise. The power boosted pulse is then launched into core 3 

through a circulator and the fan-in coupler. At the receiver side 

of the reflectometer, the backscattered Rayleigh signal is 

detected by a 200 MHz photodetector. The two detectors are 

connected to an oscilloscope for data acquisition, which is 

controlled by a computer with LabVIEW program. 
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Fig. 2. Experimental setup for the SDM reflectometer and interferometer 

hybrid sensor. LD: Laser diode; OC: optical coupler; PC: polarization 

controller; Att.: tunable attenuator; EOM: electro-optic modulator; PG: pulse 

generator; EDFA: erbium-doped fiber amplifier; BPF: band-pass filter; PD: 

photodetector; OSc.: oscilloscope. 

The cross sectional view of the MCF (YOFC, China) used 

in the experiment is shown in Fig. 3(a), which has 150 m 

cladding diameter and 42 m core-core pitch with the outer six 

cores arranged hexagonally. In order to suppress crosstalk, the 

cores have been designed to be surrounded by deep trench. 

The packaged fan-in/out coupler is shown in Fig. 3(b), which 

contains seven SMF pigtails and a MCF pigtail; it ensures 

independent coupling of each core of the MCF to the 

corresponding SMF pigtail. The configuration of the FUT is 

shown in Fig. 3(c), which consists of five sections. In order to 

generate controllable vibrations, two short fiber sections (1.6m 

and 1.9m long) have been wound on two piezoelectric 

transducers (PZTs), respectively. The PZTs are driven by a 

high voltage driver, and an arbitrary waveform generator 

(AWG) is used to apply periodic sinusoidal signals. It should 

be pointed out that the electrical cut-off frequency of the high 

voltage driver is less than 13 kHz, which determines the 

available maximum vibration frequency in our lab. 

 

Fig. 3. (a) Cross section of the seven-core MCF; (b) the packaged MCF fan-

in/out coupler; (c) configuration of the FUT for vibration sensing; AWG: 

arbitrary waveform generator. PZT: piezoelectric transducer. 
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In the proposed SDM reflectometer and interferometer 

hybrid sensor, the Φ-OTDR and MZI share the same laser 

source, but are implemented in different spatial cores, which 

ensures that both interrogations are conducted simultaneously 

and independently. Therefore, the constraint of the hybrid 

system using SMF can be completely eliminated. On one hand, 

continuous acquisition with sufficient optical power but 

without superposition of pulse response is ensured for the 

interferometer. On the other hand, high SNR can be achieved 

for the measurements of both Φ-OTDR and MZI. The data 

processing procedure can also be simplified, since there is no 

need to separate the acquired data between the two. 

IV.  RESULTS AND DISCUSSION 

A. Detection of single vibration event 

Based on the proposed SDM hybrid reflectometer and 

interferometer sensor, experiment has been carried out by 

applying 5 kHz vibration on PZT 1 to detect the single 

vibration event. Fig. 4(a) shows the measured Φ-OTDR trace 

along the sensing fiber, which has been averaged by 256 times 

in order to increase the SNR. 10 ns pump pulse was used with 

corresponding spatial resolution of 1m. To locate the vibration, 

consecutive traces are measured and then subtracted from an 

undisturbed reference trace. The superimposed differential Φ-

OTDR traces are presented in Fig. 4(b). The inset in Fig. 4(b) 

shows the zoom-in view around the vibration point. It indicates 

that the vibration event can be successfully monitored and 

located with high SNR. It is found that intensity change occurs 

at about 3 m region in the differential Φ-OTDR traces. Note 

that 1.6 m long sensing fiber is wound to PZT 1, so the result 

is reasonable considering the 1 m spatial resolution. 

 

Fig. 4. (a) The measured Φ-OTDR trace along the MCF; (b) 100 consecutive 

differential Φ-OTDR traces superimposed together. The inset shows the 

enlarged view around the vibration point introduced by PZT 1. 

On the other hand, the measurement of the interferometer 

has also been conducted simultaneously. Fig. 5(a) shows the 

measured time-domain interference signal within 10 seconds 

duration when 5 kHz sinusoidal signal is applied to PZT 1. In 

order to see clearly the characteristics of the interference 

signal, Fig. 5(b) presents a zoom-in view of the interference 

signal, which indicates that high fringe contrast is achieved. 

The acquired time-domain interference signal is then 

transformed to frequency domain by FFT, and the retrieved 

frequency spectrum is presented in Fig. 5(c). The inset in Fig. 

5(c) presents the retrieved frequency spectrum with the vertical 

axis showing in linear coordinate. The dominate peak is found 

to appear at 5 kHz, which matches very well with the applied 

value. Thanks to the sufficient optical power at the receiver 

and high fringe contrast of the interference signal, about 38 dB 

SNR is achieved for the measurement. In addition, high order 

harmonics have also been observed in the retrieved frequency 

spectrum, the second and the third harmonics are respectively 

8.52 dB and 13.79 dB lower than the fundamental frequency. 

As can be seen from the inset of Fig. 5(c), also has been 

verified by many other measurements, the amplitudes of the 

high order harmonics are actually much lower than the 

fundamental frequency so that they are negligible in the linear 

coordinate, and this won’t affect the correct determination of 

the real vibration frequency. 

 

Fig. 5. (a) The measured time-domain interference signal of MZI within 10 

seconds when the vibration with 5 kHz frequency is introduced by PZT 1; (b) 

zoom-in view of the interference signal; (c) the retrieved frequency spectrum 

after FFT of the signal in (a); the inset presents the frequency spectrum with 

the vertical axis showing in linear coordinate. 

In the intensity-demodulation based MZI, the output power 

is governed by equation 2, which is a function of the phase 
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difference between its two arms. Essentially, the high order 

harmonics in the retrieved frequency spectrum in Fig. 5(c) are 

generated due to the reason that vibration induced phase 

change is not within a monotonic interval (i.e. either the rising 

interval or the falling interval) of the cosine transmission 

spectrum of the MZI, as schematically shown in Fig. 6(a). In 

this case, the variation of output optical power will not vary 

conformably as the trend (frequency) of vibration, but subjects 

to a modulation by the cosine function. As a result, high order 

harmonics will come into being in the frequency spectrum that 

is retrieved by FFT. 

 

Fig. 6. Schematic diagram of the response of system on vibration when 

perturbation induced phase change is (a) not within and (b) within a 

monotonic interval of the cosine transmission spectrum of the MZI. 

It turns out that absolute consistency of variation between 

the vibration signal and the output optical power of MZI can 

be ensured if perturbation induced phase change is within a 

monotonic interval of the cosine transmission spectrum of the 

MZI. Then an effective way to maintain the consistency is to 

make the initial bias point of the MZI working at the 

quadrature point, as has been marked in Fig. 6(b). This can be 

done by inserting a tunable delay line into one of the two arms 

of the MZI, and by adjusting the phase difference between the 

two arms to make sure that the working point of MZI is set at 

the quadrature point. In this way, the variation of output power 

of MZI will be completely consistent with the trend (frequency) 

of vibration signal. In addition, another benefit of this setting 

is that high sensitivity can be achieved when working at the 

quadrature point of the cosine transmission curve. 

The best advantage of the intensity-demodulation based 

MZI setup is the simplicity in both the system configuration 

and the demodulation algorithm. While it should be mentioned 

that phase instead of intensity detection is a better solution in 

order to achieve good linearity between the vibration signal 

and the output optical signal, so that the high order harmonics 

in frequency spectrum can be avoided. In addition to the 

traditional coherent detection method, phase generated carrier 

(PGC) technique has been used in both Φ-OTDR and the 

interferometric sensors [18-21], which shows good feasibility 

to acquire the phase information of the MZI in this system. But 

of course this is achieved at the expense of increasing system 

complexity. 

 

Fig. 7. The measured output interference signal of the MZI when there is no 

vibration applied to the sensing fiber. 

It is found that there is a slow envelope change in the 

interference spectrum in Fig. 5(a), which is caused by phase 

noise that comes from the indoor air flow induced shaking on 

the short free MCF section, as well as the wavelength drift of 

the laser. In order to verify this, the output signal of the MZI 

without vibration applied on the sensing fiber has also been 

record for comparison, as shown in Fig. 7. Two separate 

measurements have been implemented, which reveals that the 

output is not constant but shows intensity fluctuation resulting 

from the phase noise. However, it is found that the phase noise 

has the feature of low frequency and weak power spectrum 

amplitude, as can also be seen from Fig. 5(c). So it won’t lead 

to severely detrimental impact on the measurement. The 

frequency components around the vibration frequency in Fig. 5 

(c) are the beat interference that is caused by the beating 

between the external interferences (including ambient noise, 

laser frequency instability and electrical noise) induced low 

frequency signals and the vibration signal. Fortunately, the 

amplitudes of beat interferences are much smaller than that of 

the peak frequency of the signal to be detected, so it will not 

affect the result of measurement. 

 

Fig. 8. FFT spectra of the interference signal measured by the MZI when the 

vibration by PZT 1 is applied to the sensing fiber with vibration frequency 

from 1 kHz to 12 kHz at 1 kHz interval. 
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In order to evaluate the reliability of the SDM hybrid sensor, 

repeated vibration measurements have been performed by 

applying different vibration frequencies to PZT 1, i.e. from 1 

kHz to 12 kHz (maximum achievable frequency in our lab) at 

1 kHz interval. For all the vibration frequencies, Φ-OTDR 

exactly locates the vibration by PZT 1. Meanwhile the output 

interference signal of the MZI is recorded, and then used for 

calculating the FFT frequency spectrum. The retrieved 

normalized frequency spectra have been shown in Fig. 8. The 

result confirms the excellent reliability of the hybrid sensor for 

vibration sensing. Additionally, it also verifies a distinguished 

SNR of the FFT spectra. Since the noise level is very low in 

Fig. 8, which ensures sufficient SNR budget to achieve 

vibration measurement of higher vibration frequency beyond 

the one presented in this work. 

B. Detection of multiple simultaneous vibration events 

In the previous section, experiments have demonstrated the 

detection of single vibration event and successfully retrieved 

the vibration location and frequency based on the proposed 

SDM Φ-OTDR and MZI hybrid sensing system. However, in 

practical applications, multiple vibration events may occur 

simultaneously. Therefore experiment has also been carried 

out to investigate the feasibility of simultaneous multi-event 

sensing based on the proposed hybrid sensor. 

(b)

7 m

(a)

 

Fig. 9. (a) The superimposed 100 consecutive differential Φ-OTDR traces 

when simultaneous vibrations are applied by PZT 1 and PZT 2 with 

frequencies of 500 Hz and 300 Hz, respectively; (b) the enlarged view around 

the vibration locations. 

For proof of concept, two vibrations with frequencies of 500 

Hz and 300 Hz have been simultaneously applied by PZT 1 

and PZT 2, respectively. Continuous acquisition of the time-

domain traces of Φ-OTDR is performed, and the differential 

traces are obtained by subtracting them from a reference trace. 

Fig. 9(a) shows 100 consecutive differential Φ-OTDR traces 

superimposed together, where vibration signals can be 

identified with sufficient SNR at the far end. In order to see 

clearly the disturbed region, a zoom-in view around the 

vibration points has been presented in Fig. 9(b), where two 

vibrations with a distance of 7 m between them can be clearly 

observed. The result matches very well with the spatial 

arrangement of FUT (see Fig. 3(c)), thus verifies the capability 

and reliability of locating multiple vibrations by the Φ-OTDR 

of the SDM hybrid sensor. 

 

Fig. 10. (a) The measured time-domain interference signal of MZI within 10 

seconds when two vibrations are applied by PZT 1 and PZT 2 with 500 Hz 

and 300 Hz frequencies, respectively; (b) zoom-in view of the interference 

signal; (c) the retrieved frequency spectrum after FFT of the signal in (a). 

Meanwhile, in parallel with the detection of the vibration 

location by Φ-OTDR, the measurement of the vibration 

frequency by the MZI of the SDM hybrid sensor has also been 

carried out. Fig. 10(a) shows the measured interference signal 

of the MZI within 10 seconds. Fig. 10(b) presents a zoom-in 

view of Fig. 10(a) for better observation. By implementing 

FFT on the sampled interference signal, the retrieved 

frequency spectrum is presented in Fig. 10(c). Two dominant 

peaks are observed at 500 Hz and 300 Hz, respectively, which 

is consistent with the applied frequencies, as marked in the 

figure. So it demonstrates that the locations of multiple 

simultaneous vibration events can be determined with the help 

of Φ-OTDR, and their vibration frequencies can be retrieved 

through the measurement of MZI. Further, in order to 

determine the vibration frequency of each identified vibration 

location, frequency mapping method can be employed [10], if 

the frequencies of multiple vibrations are not exactly the same. 

The method requires that both MZI and Φ-OTDR are used to 

measure the vibration frequencies, and the measurement of Φ-

OTDR is implemented with under-sampling. Then frequency 
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mapping is achieved through comparing the frequencies that 

are measured by Φ-OTDR and MZI with a specific 

mathematical relation, as given by 

 ( / 2)OTDR MZI s MZI s sf f k f f k f f         (4) 

Where 
OTDR

f


 and 
MZI

f  are the frequencies that are measured 

by Φ-OTDR and MZI, respectively; k  is an integer and 
s

f is 

the sampling frequency of Φ-OTDR. Once two specific 

frequencies from the measurements of Φ-OTDR and MZI 

match well with equation 4, then the frequency mapping is 

successful. In this way, each frequency that is retrieved 

through MZI can be targeted to a specific vibration location 

that is identified by Φ-OTDR. 

As a matter of fact, in addition to the distributed sensing 

method based on OTDR technique, long range optical fiber 

interferometers have also been used for distributed vibration 

sensing, which normally adopt the system configurations of 

two interferometers, including Mach-Zehnder interferometer, 

Sagnac interferometer and Michelson interferometer, and 

event positioning is achieved generally based on the time delay 

estimation algorithm [23-25]. Thanks to the unique structure of 

multiple cores embedded in the MCF, it provides an excellent 

platform to implement the long range interferometers, which 

indeed provides a potential way to achieve distributed multi-

point vibration sensing [23]. 

(a)

(b)

 

Fig. 11. The retrieved frequency spectra when single vibration is applied by (a) 

PZT 1 with 500Hz frequency; (b) PZT 2 with 300Hz frequency. 

In Fig. 10(c), in addition to the two dominant peaks, some 

minor harmonic components are also observed. Particularly it 

is found that there is a noise band approximately located 

between 80 Hz to 200 Hz. The noise band is found to be 

caused by PZT 2, due to the fact that PZT 2 is actually a fiber 

stretcher that consists of four parallel piezo stacks (see the 

picture in Ref. [22]). The slight difference of stack lengths and 

piezoelectric coefficients lead to the detuned oscillation noise, 

yielding impure vibrations. For comparison, Fig. 11(a) and 

11(b) present the obtained FFT spectra when single vibration 

is applied by PZT 1 with 500 Hz frequency, and PZT 2 with 

300 Hz frequency, respectively. It is found that the noise band 

still exists in the frequency spectrum of the vibration generated 

by PZT 2 but disappear in the one generated by PZT 1. 

Additionally, the small peak at 80 Hz in the figures is believed 

to be caused by the electrical noise of the high voltage driver, 

since it appears in all the measurements. 

C. Discussion 

It should be pointed out that if the vibration amplitude is 

small enough, it is possible to measure it quantitatively, 

because the bending induced phase change is a function of the 

bending radius of the fiber, as inferred from equation 3. In 

addition, the measurement sensitivity of MZI is dependent on 

its working bias point. 

Compared with the hybrid sensing systems using SMF, the 

proposed SDM hybrid sensor based on MCF ensures sufficient 

optical power injected into the sensing fiber for the MZI, thus 

much better SNR can be obtained and consequently high 

measurement accuracy of the vibration frequency is ensured. 

On the other hand, the Φ-OTDR in the proposed hybrid system 

is only used for locating the vibration. So it does not require 

fast data acquisition, and hence trace averaging can be 

employed, which will help to increase the SNR of 

measurement and eventually ensure high positioning accuracy 

and high spatial resolution. Due to the separate implementation 

of the Φ-OTDR and MZI using space division multiplexing, 

the data measured by the reflectometer and interferometer are 

independently collected, which gives rise to much simpler data 

processing procedure. More importantly, the proposed hybrid 

sensor manages to get rid of the detrimental impact of CW 

light on Φ-OTDR which exists in the hybrid system using SMF. 

The MCF provides redundant core for transmitting the output 

of the interferometer back to the transmitter side, enabling 

singe-end access. In the time-division multiplexed hybrid 

system, the minimal detectable frequency is determined by the 

repetition rate of pulse, so there will be a frequency dead zone 

[9]. However, in the proposed hybrid system, the detection and 

acquisition of MZI are continuous, so it has no dead zone. 

Note that the maximum detectable vibration frequency of the 

proposed system is essentially determined by the sampling 

frequency of the oscilloscope and the bandwidth of the 

photodetector, so apparently it would achieve very broadband 

frequency response without any dead zone in the detectable 

range. 

At last, it should be pointed out that it is difficult to achieve 

comparable performance by using SMFs bundle instead of the 

MCF in the proposed system deployment. This is because the 

MCF integrates all-solid cores together, and thus the physical 

path of each core is strictly identical along the whole fiber 

length. This highly integrated fiber structure enables the 

system to eliminate the common environment noise (e.g. 

temperature variation), but output the differential response (e.g. 

vibration induced differential strain). While the bundle of 

SMFs cannot be as compact and uniform as the MCF, 

especially along very long range. In this case, it is difficult to 

ensure that the external environment variation has identical 
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impact on the two arms of the MZI, especially for the case 

where multiple SMFs are bundled loosely, which will lead to 

strong noise. For the hybrid system using a bundle of SMFs, 

nonlinear relative phase change between the two arms might 

be introduced because of the distinct amounts of 

transformation from external disturbance (e.g. temperature and 

strain). All these factors will eventually degrade the accuracy 

and reliability of the SMFs bundle based hybrid system. In 

addition, it is worth mentioning that considering the cost of 

optical fiber cable instead of the fiber itself, seven-core fiber 

cable is actually cheaper than the seven separate SMF cables, 

which makes our hybrid system based on MCF more cost-

effective. 

V. CONCLUSION 

In conclusion, we have proposed and experimentally 

demonstrated a multicore fiber based space-division 

multiplexed Φ-OTDR and MZI hybrid sensing system. Taking 

advantage of the multiple spatial cores offered by the MCF, 

the reflectometer and interferometer manage to be 

implemented in separate cores with a shared narrow linewidth 

laser source, thus independent interrogation of each sensor has 

been achieved. This completely eliminates the constraint of 

hybrid systems using SMF. The proposed SDM hybrid sensor 

is able to locate the vibration point and measure the vibration 

frequency simultaneously with high reliability, and enables 

truly uninterrupted distributed vibration sensing with broad 

vibration frequency response range and high spatial resolution. 

Specifically, 2.42 km sensing range with 1 m spatial resolution 

and up to 12 kHz vibration sensing have been demonstrated in 

the experiment. In addition, multiple simultaneous vibration 

events can be located with the help of Φ-OTDR, and their 

vibration frequencies are retrieved through the measurement of 

MZI. Compared with hybrid systems using SMF, the SDM 

solution using MCF shows many unique advantages, e.g. much 

higher SNR of measurements, higher measurement accuracy, 

higher tolerance against external noise, simpler data 

processing procedure, no frequency dead zone, single-end 

access, robust and high reliability, etc. Therefore, it is believed 

that the SDM Φ-OTDR and MZI hybrid sensor will have great 

potential for long-haul distributed vibration sensing 

applications. 
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