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ABSTRACT   

Luna recently demonstrated a novel optical phase-based algorithm for removing the adverse effects of fiber motion at 

frequencies far above the scan rate on high-resolution measurements of Rayleigh scatter using Optical Frequency 

Domain Reflectometry (OFDR) for static strain and temperature measurements.   By comparing dynamic OFDR 

Rayleigh scatter measurements to a static reference, it is possible to extract the time-varying phase signal in real time.   

The same algorithm, applied to successive segments along an unbonded single mode fiber, is an effective means of 

monitoring the spatial distribution of high frequency optical phase perturbations caused by vibration and acoustic wave 

propagation in the fiber.  We will discuss tradeoffs between scan speed, scan duration, range, spatial resolution, vibration 

sensitivity and vibration frequency range, provide measurement examples, predict limiting specifications  for  practical 

system performance based on current commercial OFDR products, and compare these limits to those of distributed 

acoustic sensing techniques based on Optical Time Doman Reflectometry.         
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1. INTRODUCTION  

Analysis of the distributed Rayleigh scatter pattern with OFDR is a well-established method for measuring distributed 

strain, temperature and 3-dimensional shape with high-spatial resolutions and moderate measurement lengths.
1-6

  One of 

the assumptions in conventional Rayleigh scatter sensing using OFDR in which the measured local reflection pattern is 

compared to a reference to deduce a shift in the optical spectrum is that the fiber under test remains nearly stationary for 

the duration of the laser scan. Movement of the fiber during the laser scan can be detrimental to measurement fidelity 

and is often the limiting factor in long-range and dynamic-environment OFDR sensing.  One can minimize the impact of 

motion in OFDR measurements by increasing the scan rate of the swept-source, however there is a trade-off between 

laser sweep rate and the maximum sensor length that may be interrogated for a given data acquisition rate.  Luna has 

demonstrated the capability to remove the effects of motion in OFDR measurements to achieve better measurement 

fidelity at moderate lengths and with slower (lower-cost) acquisition hardware.
7,8

    By comparing Rayleigh backscatter 

profiles when lead motion is present to a reference scatter profile with no motion present, a time-varying phase signal 

may be extracted and used to correct measurement data sets.  This technique is used to stabilize large quasi-static strain 

measurements in real time in Luna’s ODiSI B distributed fiber optic sensing instrument by removing the effects of 

motion and vibration in the lead up to the sensing portion of the fiber. 

 

Distributed fiber optic vibration and acoustic monitoring has received increasing levels of interest in recent years for 

intrusion detection, pipeline health monitoring, and seismic monitoring in the oil and gas industries.  Most practical 

systems rely on coherent (phase-sensitive) Optical Time Domain Reflectometry (OTDR) to observe changes in the 

complex Rayleigh scatter reflection coefficient.
9-12

  Techniques for vibration sensing using distributed measurements of 

Rayleigh scatter with OFDR also have been demonstrated, including a technique which subdivides the laser scan spectral 

range and uses multiple Rayleigh scatter spectral cross-correlations to measure a distribution of spectral shifts over the 

scan duration,
13

 and a technique in which the Rayleigh scatter spectral cross-correlation pattern is examined for side-

lobes to find the relative amplitude and frequency of vibration.
14

  Our approach results in a direct measure of the optical 

phase variation during the laser scan at a particular location; applied sequentially down the length of the sensor fiber the 

total accumulated optical phase variations which build up along the fiber may be mapped out.  This work gives a 

measurement example in which the frequency and location of three vibration sources along the length of a fiber sensor 
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are detected with 0.17 m resolution over the 20 m sensor length and with 80 Hz frequency resolution over a 2560 Hz 

range.  We also discuss resolution and range parameter trade-offs inherent to the technique. 

2. THEORY 

Below, we model the Rayleigh backscatter at a location of a fiber sensor measured in reflection as a narrow-band, 

complex function,  

 

      ���� = ������	
�,      (1) 

 

where ���� represents the complex scatter coefficient as a function of optical delay, τ, and the ��	
� term accounts for 

phase accumulation due to propagation to the scattering event and back, where  is the instantaneous angular frequency 

of the laser sweep.  If segments of the fiber are subjected to movement or vibration, all subsequent locations accumulate 

optical delay and we may write the new instantaneous scatter profile at a location beyond the motion stimuli as 

 

      	��� + ������ = ��� + ��������	
���������,    (2) 

 

where ����� is the time-dependent delay function due to changes in both physical length and refractive index along the 

length of the fiber.  Taking the Fourier transform of Equation 2, with the convention that ℱ������ = ���, allows us to 

employ the shift theorem and express the locally reflected spectrum as 
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where the time-dependence of the laser sweep, ���, is now explicitly included.  We may simplify Equation 3 by first 

assuming the change in angular frequency during the laser sweep is much less than the center angular frequency of the 

sweep (the practical implication of our previous narrow-band stipulation), and second, by approximating a linear laser 

sweep rate, �.  This allows a change of variables from � → 
�
�
� , such that   and   are the instantaneous and start 

angular optical frequencies of the sweep.  Accordingly, we may write 
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Equation 4 reveals that motion of the fiber imparts a phase function on the locally measured spectrum.  Local phase 

effects accumulate as light propagates down the moving fiber, and it is possible to measure them, up to a particular 

location in the fiber, by comparing spectral measurements at this location when the fiber is in motion, to a static 

reference measurement of the same location.  The correction term is expressed as the argument of the following 
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such that ()�� and ( �� represent the measured complex spectrum of a segment of the sensing fiber in motion and 

in a static, reference state, respectively.  Note, the magnitude of ( �� may not approach zero.  The effects of the delay 

function ����� can thus be removed from all points further down the fiber by taking the ratio described in Equation 5, 

then conjugating and multiplying it against the complex spectra of all subsequent temporal segments.  This operation is 

very helpful in improving the signal to noise ratio of the quasi-static strain profile along the fiber deduced by the spectral 

shift of the Rayleigh scatter pattern as calculated by the cross-correlation between the reference and measurement states.
2
   

 

Moreover, when the ratio described in Equation 5 is applied sequentially to adjacent segments of Rayleigh scatter data, 

the delay function ����� can be extracted and plotted as a function of distance down the fiber.  Changes in the frequency 

content of the delay function ����� along the fiber length indicate locations where vibrational or acoustic coupling has 

occurred.  In the next section, we describe an experiment designed to illustrate this principle, and describe the equations 

which govern vibration signal detection trade-offs. 
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An alternative method to finding the complex scatter coefficient ���� as a function of optical delay, τ, is via coherent 

Optical Time Domain Reflectometry, in which a time-gated pulse of a laser with stationary optical frequency is reflected 

back from the sensor fiber and is mixed with a coherent reference copy of the same laser.
9,11,12

  In this case, however, the 

spectral width of the source is necessarily narrow, as the coherence length of the source must be long enough to 

encompass the sensor length.  Thus taking a Fourier Transform of ����and searching for a spectral shift using a cross 

correlation between measurement and reference segments of Rayleigh scatter complex spectra as done with OFDR strain 

sensing will not produce a useful result, except for a very small spectral shift, equal to or less than the spectral width of 

the source.  Consequently, coherent OTDR is not as well suited for deducing large strains over long periods of time 

using analysis of the complex back scatter coefficient as OFDR.  However coherent OTDR can be used to sense small 

local relative shifts in the phase of ���� if ���� is scanned very rapidly.  Subsequent scans may be compared directly to 

each other by taking the phase of ��������*���∗ to measure the phase shift during the time period between scans i and 

i+1.  If the strain change due to vibration or fiber stretching is sufficiently large in amplitude or frequency that so that 

there is a large temporal or spectral shift in the Rayleigh scatter pattern between scans, increasing the scan frequency 

may help, but at the cost of reduced range and signal to noise ratio. 

3. METHOD 

In order to demonstrate the ability to spatially resolve vibration sources with different frequency content, a 20 m length 

of low bend loss fiber was routed between three different vibration actuators, as shown in Figure 1.  For the first two 

actuators, the fiber was routed through U-shaped tubing affixed to each actuator and attached to a nearby surface. This 

resulted in a small amount of tensile strain (< 100 microstrain) applied over a roughly 0.5 m length of fiber, so that the 

small movements of the actuator modulated the fiber strain, creating local changes in the fiber optical phase.  The final 

vibration actuator consisted of a speaker placed in close proximity to a thin steel panel, with 0.35 m of fiber taped to the 

panel surface.  The speaker was driven with a pure tone to set up vibrational modes in the panel.  Each actuator was 

driven at a different frequency:  250 Hz, 825 Hz, and 70 Hz for actuators 1, 2, and 3 respectively.  The 20 m low bend 

loss fiber that served as the vibration sensor was connected through a 50 m long stand-off cable to an ODiSI B, a 

commercially available OFDR interrogator designed and manufactured by Luna Innovations.   A reference measurement 

of the Rayleigh scatter reflection coefficient along the length of the sensor was acquired with the ODiSI B with no strain 

or vibration applied; subsequent measurement data sets were taken with all 3 actuators on.  Actuator amplitudes were 

adjusted to give small but detectable optical phase signals. 

 

 
 

Figure 1. Experimental setup 

 

The ODiSI B was operated in a mode which acquired complex Rayleigh scatter reflectivity data over the 20 m sensor 

fiber at a rate of 50 Hz.  Each data set was acquired over a scan duration time Ts = 12.5 ms with the laser tuning at a rate 

of α = 50,000 GHz/s (roughly 400 nm/s), so that the spectral width of the measurement was 625 GHz.  The spectral 

width ∆ν of the scan determines the sampling spatial resolution ∆- as follows: 

 

   ∆-		 = 	 .
	)∆/ =	 .

	)�01
	,      (6) 

 

where c is the vacuum speed of light, and n is the fiber group index of refraction.  For the above parameters and a group 

index of n = 1.4688, the sampling spatial resolution ∆- was 0.1633 mm.  We selected a Rayleigh scatter segment size of 

nseg = 1024 points, representing a segment length of 167.2 mm; this is effectively the spatial resolution of the local 

optical phase measurement. 
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Each segment was converted from the time delay domain to the optical frequency domain via a FFT, and the 

measurement optical frequency domain segment was divided by the reference segment as described in Equation 5.   The 

phase of the complex ratio was extracted using a navg = 16 bin filter to improve signal to noise ratio.  This phase signal is 

mapped over the optical frequency range of the laser scan, and since the optical frequency is scanned linearly with time, 

the phase signal also is mapped to the time duration of the scan. 

 

To measure the frequency content of the local phase variation, the phase versus time data set is subjected to a FFT.  Thus 

the frequency range of vibrations that we are sensitive to is limited to the Nyquist frequency of: 

 

    23 	= 	 )145
	01)675

	.      (7) 

 

For the parameters chosen above, the Nyquist frequency is 2560 Hz.   The frequency step size is determined directly 

from the scan duration time: 

 

  ∆2	 = 	 *01	.      (8) 

 

For the parameters above, the frequency resolution is 80 Hz. 

 

The vibration measurement frequency range and resolution, as well as the spatial resolution, are determined by the 

choice of optical frequency scan range, the scan time duration, the number of points in each Rayleigh scatter segment 

nseg, and the number of points binned for spectral averaging navg.   To improve the vibration frequency resolution, the 

scan duration can be increased, and for a given target spatial sampling resolution the laser tuning rate can be slowed.  

However, doing so also reduces the maximum detectable frequency.  One can increase the vibration frequency range by 

increasing nseg, but this results in a larger segment length (worse spatial resolution).  One could also increase the 

maximum frequency by reducing navg, at the expense of signal to noise ratio. 

4. RESULTS AND DISCUSSION 

To demonstrate how the vibration sources lead to increasingly complex phase distortions down the length of the sensor 

fiber, we examined the phase variation at 4 locations along the sensor fiber, before and after each actuator.  At each 

location, 1024 point Rayleigh scatter segments from both reference and measurement traces are divided into smaller 

segments of equal size in the time-of flight domain.  Each set of smaller segments are transformed to the optical spectral 

domain with a FFT.  The complex spectral signals are used to extract an average measure of the phase mapped to the 

acquisition window time scale.  The snapshots of local phase variation in the fiber are shown in Figure 2.   Before the 

first actuator (position A), the phase is flat; after the first actuator (position B) the phase exhibits a 250 Hz oscillation; 

after the second actuator (position C) a fine 825 Hz ripple appears on top of the larger 250 Hz oscillation, and after the 

third actuator (position D) a much slower 70 Hz oscillation with amplitude similar to the 250 Hz oscillation is added.   

 

 
Figure 2. OFDR measured time-varying phase signal due to vibrational coupling in the sensor fiber at four locations along the fiber.  
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The Fourier transform of the curves in Figure 2 are shown in Figure 3 and confirm the oscillation frequencies.  At 

position A, no oscillation frequencies are present; at position B a strong peak at 250 Hz is present; at position C a small 

peak at 825 Hz appears, and at position D the 70 Hz peak reaches its maximum.  There is some contribution to the 70 Hz 

peak at position C and possibly at position B because actuator 3 was not directly coupled to the fiber, and thus the sound 

was quite loud and resulted in an acoustic standing wave in the room in which the data was acquired, resulting in 

coupling of that frequency at the sites of actuator 1 and 2 as well. 

 

 
Figure 3. FFT of OFDR measured time-varying phase signal shown in Figure 2 at four locations along the fiber shows the 

accumulation of vibration frequencies from the 3 actuators.  

 

 

Instead of limiting the processing to 4 locations along the sensor, if we process the Rayleigh scatter data in 1024 point 

segments, each time shifting forward by 512 points, we can show the slow evolution of the time-varying phase signal 

down the length of the fiber, as shown in Figure 4.  The phase signal changes abruptly a three distinct locations, at 6.9, 

13.5, and 17.5 m, corresponding to the locations of the three actuators. 

 

 
Figure 4. Intensity plot showing the evolution of the time-varying phase signal down the length of the fiber.   

 

Figure 5 shows the FFT amplitude of the phase time traces displayed in Figure 4.  The 250 Hz signal starts at 6.9 m, the 

weak 825 Hz signal starts at 13.5 m, and the 70 Hz signal gradually strengthens at the two previous locations but 

becomes strongest at 17.5 m.  These distances correspond to the locations of the three actuators. 
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Figure 5. Intensity plot showing the optical phase frequency content as a function of sensor length.   

 

Further work may include extending this processing to utilize data from Luna’s OBR 4600, to take advantage of the 2 

km length range of the instrument’s extended range mode.  This mode supports up to a 400 GHz optical spectrum scan 

range with 2000 GHz/s scan rate.  Those parameters would give a spatial sampling resolution of 0.255 mm and scan 

duration of 0.2 s.  A segment size of 4096 with 8 bin averaging would lead to a vibration frequency range and resolution 

of 1280 Hz and 5 Hz resolution respectively, with a segment size of 1.044 m.  This frequency range, distance range, and 

spatial resolution could also be achieved with a coherent OTDR approach;
11,12

 the strength of the OFDR approach is that 

the data can be processed to measure quasi-static strains as well as vibrations, and some of the parameters which dictate 

frequency range, frequency resolution, and spatial resolution are simply calculation parameters and are easily changed to 

suit the application. 

5. CONCLUSIONS 

A novel optical phase-based vibration detection and mapping technique was developed and demonstrated using data 

from a commercial OFDR-based fiber sensing system.   By comparing dynamic OFDR measurements of optical fiber 

Rayleigh scatter complex reflection terms to a static reference OFDR measurement, it is possible to extract the time-

varying phase signals that stem from rapid fiber movement, vibration or acoustic coupling in a distributed fashion along 

the length of the fiber.  In this work, vibrations sensing with a 2560 Hz range and 80 Hz resolution was demonstrated 

over a 20 m range with 0.17 m spatial resolution.    These results demonstrate the potential of OFDR instrumentation 

used for dynamic environments for accurate, high-spatial resolution, distributed vibration sensing, suitable for structural 

monitoring applications in which modal frequencies may be an indication of health.  Implementation of the same 

algorithms on an OFDR platform with longer range capability could also have seismic monitoring and intrusion 

detection applications. 
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