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Abstract:  A simple geometrical fiber optic vibration sensor is designed and demonstrated using fiber optic 
fused 2x2 coupler that utilizes the principle of reflection intensity modulation. The rational output is used to 
avoid the effects of source signal power fluctuations and fiber bending losses. The calibrated 1mm linear 
region of the displacement characteristic curve of the sensor having high sensitivity of 2.1 mV/mm (0.36 a.u. 
/mm) is considered for vibration measurement. The experimental results show that the sensor is capable to 
measure the frequency up to 3500 Hz with ~0.03µm resolution of vibration amplitude over a dynamic range 
of 0-1mm. The SNR of the rational output is also improved with respect to the sensing signal.  In comparison 
with dual-fiber and bifurcated-bundle fiber, this sensor eliminates the dark region and front slope which 
facilitates the easy alignment. The simplicity of design, non-contact measurement, high degree of sensitivity, 
economical along with advantages of fiber optic sensors are attractive attributes of the designed sensor that 
lend to real time monitoring and embedded applications. 
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1. INTRODUCTION: 

Vibration monitoring is carried out on important machines such as power station turbines and generators 
to give an early warning of impending conditions which may develop and lead to complete failure and 
destruction of the components in machines [1-2]. Continuous monitoring of vibration reduces not only the 
maintenance and operating costs but also avoids frequent interruptions of undesirable engine working [3]. In 
general vibration is measured by electro-mechanical devices, such as piezoelectric, piezoresistive, or 
capacitive accelerometers. Such types of measurements require physical contact with the vibrating object. 
However some non-contact vibration measurement techniques have been developed with optical 
interferometric and fiber optics. Especially such non-contact sensors made with optical fibers have already 
established and playing key role in sensing several physical parameters like vibration, displacement and 
pressure [4]. So that the fiber optic sensors are replacing to the conventional sensors and also due to their 
advantages like Immune to EMI, small size, flexible length of the fiber, remotable, high accuracy, secure data 
transmission, potentially easy to install, and noncorrosive[5-8]. Reported fiber optic vibration sensors are in 
general divided into two types according to their working principle of phase or intensity modulation. The 
phase modulation fiber optic interferometric techniques such as Fabry-Perot [9], Michelson or Mach-Zehnder 
[10], self-mixing [11] and Doppler vibrometry [12-13] were deployed for vibration measurements. These 
sensors are much more accurate than intensity modulated sensors and can be used over large dynamic range. 
However, they are often much more expensive, low degree of stability and critical alignment. Consequently, 
these sensors are not suitable to industrial applications [14]. However, the second one i.e. intensity modulated 
technique takes the advantage of change in intensity with the vibration using simple fiber optic geometry [15].  

In this paper, we report a simple noncontact intensity modulated fiber optic vibration sensor designed 
with fiber optic fused 2x2 coupler. It consists of four ports, one port for the coupling of source, second port 
act as a sensing probe, third port is connected to the sensing photo-detector and fourth one  also connected to 
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another photo-detector to act as a reference. Here the single fiber alone guides the light, to incident on the 
reflected surface glued on sensing part of the vibrating object and to receive the reflected light[16]. It consist 
only single slope than the two slopes, so the alignment of the sensor is very simple. It is one of the advantages 
of the proposed sensor in comparison with the dual-fiber and bifurcated bundle fiber vibration sensors by 
removing the dark region and disappear the front slope [17-18]. Another one is rational output between the 
sensing and reference minimizes both effect of source fluctuations and bending losses at the source end [19]. 

2. Design of the Sensor: 

In general, the required major quantity to measure the vibration is displacement. The velocity and acceleration 
can be measured from the displacement, because these parameters are related to each other. The non-contact 
fiber optic vibration sensor is working based on the reflection intensity modulation with respect to 
displacement between sensing fiber probe to reflecting surface. The schematic experimental setup of the 
working principle of the vibration measurement is shown in figure 1. It consists, a multimode plastic fiber 2x2 
fused coupler (IF-541) with splitting ratio of 80:20 as a sensing tool, an LED (IF-E96) of peak wavelength 
650 nm is used as a source, a very high sensitivity photodarlington detector (PD) housed in a connector less 
package (IF-D93) of two number are used to detect the intensity of light at reference and sensing ends. A 
simple detection circuit is designed to convert the modulated light intensity into its equivalent voltage signal 
and an NI-DAQ 6016 with LabVIEW software is used to record the time domain signal (TDS) of the 
reference and sensing signals from which calculated the rational output.    

 

The fiber optic fused 2x2 coupler is made from Polymethyl Methacrylate (PMMA) having core/cladding 
diameters of 980/1000 µm has 100cm in length with splitting ratio of 80:20. All the four ports of the coupler 
are used for the vibration detection. The LED light is coupled to the port A, the coupled light is split (80:20) 
and a part of light is transmitted through the port C acts a sensing probe and other part is directed to PD1 
through port D used as a reference. The light from port C projects onto the vibrating object then the 
modulated reflected light is recoupled into the same fiber (port C) and directed to incident on the PD2 through 
port B and port D. The rational output of PD1 and PD2 is used to avoid the effect of source signal power 
fluctuations and fiber bending losses. A suitable calibration has taken from the displacement characteristic 
curve of the sensor as shown in figure 2 for the measurement of amplitude of vibration. New Step Motorized 
Actuator NSC200 along with NSA12 micrometer replacement actuator and  NewStep-Util software 303A are 
used to move the reflector attached to the micrometer  to and fro from the sensing probe with a step size of 
1µm for the dynamic range of 4mm.The curve shows the linear region of about 1mm with high sensitive of 

Figure 1.  Schematic experimental setup for the displacement response of the sensor. 
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2.1mV/µm where as in the rational output curve the sensitivity is found to be 0.36 a.u /mm, which is 
considered for vibration measurement..  

 

 

 

 

 

 

 

 

 

Before measuring the real time vibration, the sensor is tested for both source fluctuation and fiber bending at 
the source end. Figure 3 shows the effect of source fluctuation on the sensing and reference signals. The 
measured PD1 and PD2 signals are showing a change in intensity of light with respect to the LED light 
intensity variation by varying the driving voltage. Whereas the rational output of these signals shows 
insensitive to source fluctuations. It indicates the minimization of the effect of source fluctuation on sensing 
by the rational output method. To test the fiber bending losses of the sensor, the fiber is bended by using a 
microbending pressure element. Figure 4 illustrates the no effect of microbending on rational output, even 
though PD1 and PD2 signals are varying with respect the microbending on the fiber. It concludes the 
insensitivity of the sensor for fiber bending at source end (port A) using with rational output. 

 

 

Figure 2. Displacement characteristic curve of the sensor. 

Figure 3. Effect of source fluctuation on PD1, PD2 and RO 
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Figure 5. Schematic experimental setup for vibration measurement. 

Figure 4. Effect of bending on PD1, PD2 and RO. 

 

 

 

 

 

3. Experimental Setup: 

 

 

 

 

 

 

 

 

 

The schematic experimental setup of the vibration sensor is shown in figure 6. The whole setup is 
mounted on a vibration free table (Newport). A synthesized function generator (HM8130, Scientific) and a 
commercial speaker with a calibrated reflector attached at the center of it are used to test the sensor response. 
Record the TDS and monitor the vibrations of the speaker at different known frequencies and amplitudes 
(driving voltages) by the data acquisition system. Most of the vibrations are in sinusoidal displacement of the 
vibrating object about its mean position. Generally, this nature of vibrations can be measured by its amplitude 
and frequency.  So, the FFT technique is used to convert the TDS into frequency domain to analyse the 
vibration in terms of frequency of the vibrating object and also measure the amplitude of vibration. The 
experiment is repeated for different frequencies of amplitude of vibration to measure the detectable maximum 
frequency and amplitude resolution of the sensor and also to test the reliability of the sensor.  
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4. RESULTS AND DISCUSSION:  

Figure 6(a) shows the signals of PD1, PD2 and rational output at constant distance from the sensing 
probe to the reflector attached to the centre of the speaker diaphragm. This reveals the stability of the detected 
signals. The signal to noise ratio (SNR) is calculated for RO, PD1 and PD2 and found to be 77.51dB, 92.53dB 
and 74.38dB respectively. The SNR of the RO is improved when compared to PD2 as shown in figure 6(b). 
The sine wave is applied to the speaker and the TDS response of the sensor is recorded by the NI-DAQ at 
frequency of 700 Hz is shown in figure 7. The FFT of the signal gives the frequency of the sensed signal and 
there is a perfect matching in frequencies between applied and sensing signals. The peak to peak voltage of 
the output signal gives the amplitude of vibration using the slope of the calibration curve which corresponds 
to displacement amplitude   . For a give frequency    the peak velocity    and peak acceleration    can be 
computed by [20] 

                                                               (1) 

          
                                                 (2) 

Figure 6.  a) Stability of the signals, b) Noise of the signals. 

RO 

PD2 

PD1 

a) b) 

Figure 7.  The waveforms of TDS at 700Hz a) PD1, b) PD2 and c) RO 

a) b) c) 
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Figure 8. a) TDS waveform of RO Sensing signal and b) spectrum of FFT at 1 kHz. 

a) b) 

The sensed TDS waveform is recorded by the DAQ and corresponding FFT spectrum for 1 kHz is 
shown in figure 8.  Figure 9 illustrates the relation between the frequency applied and frequency measured by 
the sensor. At constant amplitude of vibration i.e., at constant driving voltage, the frequency range of 0-3500 
Hz applied to the speaker and corresponding frequency is measured by the sensor. The obtained results 
shows, up to 3500 Hz there is a perfect matching between the frequencies applied  and measured by the 
sensor output. In between 3500 Hz to 4000Hz, the sensor exhibits an error of ±5 Hz in its vibration 
measurements because the noise in the sensing signal is dominating and beyond 1400 Hz there is no response 
of sensing from the sensor, producing only dc output. 

 

 

 

 

 

 

  

 

 

 

 

Figure 10 shows the sensor output at a constant frequency of 100Hz for varying amplitude of 
vibration. The amplitude response of the sensor between the driving voltage to the speaker and FFT peak 
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Figure 9.  Frequency response of the vibration sensor. 
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voltage of output signal at different frequencies are plotted in figure 11. It is observed that the amplitude of 
vibration is linear with correlation coefficient of 0.99, in response to the driving voltage to the speaker. The 
resolution of the sensor is calculated from the minimum amplitude of vibration detected by the sensor at 
maximum frequency. The sensitivity of the vibration sensor is found to be 0.36 a.u. /mm (2.1mV/µm) for a 
dynamic range of 1mm from the slope of the displacement characteristic curve. Experimentally the minimum 
amplitude resolvable by the sensor is 1E-5 a.u., which corresponds to the resolution of 0.028µm. The 
experiment is repeated to test the reliability and response of the sensor system and which is found to be 
consistent.  

  

 

 

 

 

 

 

 

 

In general, the possibilities of error might be occurred in non-contact intensity modulated measurements are 
fluctuation in the source of light, the stray light effect and dust formation on the mirrors. A hollow cylindrical 
protection tool is arranged surrounding of the reflector so that the stray light cannot interfere with the source 
light and to avoid formation of dirt on the mirror. The sensor is positioned very close within the sensing linear 

Figure 10.  TDS spectra from the sensor for continuous varying amplitude of vibration at 100 HZ. 

Figure 11. Amplitude response of the sensor at different frequencies. 
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region to the vibrating target and not requires special optics are especially useful for sensing applications in 
embedded situations. 

5. CONCLUSIONS: 

In this paper, a simple geometrical intensity modulated non-contact vibration sensor has been presented 
using 2x2 fiber optic fused coupler. A single fiber is used as sensing probe and it consists only one slope with 
high sensitivity of 2.1mV/µm for a dynamic range of 1mm linear region facilitates the easy alignment and 
accurate measurement. Minimized the effect of source signal fluctuations and fiber bending losses  by 
adopting rational output technique. The experimental results show that the sensor is capable to measure the 
frequency up to 3500 Hz with ~0.03µm resolution of vibration amplitude over a dynamic range of 0-1mm. It 
is also observed that the SNR of rational output is improved with respect to sensing signal. In comparison 
with dual-fiber and bifurcated-bundle fiber, this sensor eliminates the dark region and front slope which 
facilitates the easy alignment. The simple in design, non-contact measurement, high degree of sensitivity, 
economical along with advantages of fiber optic sensors are attractive attributes of the designed sensor that 
lend to real time monitoring and embedded applications. 
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