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Abstract: We experimentally verify the possibility of measuring the difference in effective 

refractive index between higher-order-modes using a phase-sensitive OTDR, indicating that it is 

possible to measure the average difference over long fiber spans.  

 

1. Introduction 

Distributed optical fiber sensors (DOFS) bring a new level of quality to optical fiber sensing by making it possible 

to measure physical quantities like temperature or strain in multiples points along a single optical fiber  [1–4]. An 

important milestone for DOFS was the measurement of the difference in the effective refractive index of modes with 

orthogonal polarization in a birefringent fiber. This leads to the ability to measure a wider range of parameters, for 

example pressure [5], or makes it possible to distinguish between the strain and temperature influencing the optical 

fiber under test [6]. These results usually utilize methods based on Rayleigh scattering due to its higher sensitivity in 

comparison with other techniques.   

The recent trend in telecommunication for developing techniques for mode division multiplexing and few-mode 

fibers opens new possibilities for DOFS. In an earlier work it was shown that it is possible to perform distributed 

measurement based on phase-sensitive OTDR in a few-mode fiber by exciting and detecting only one mode in the 

few-mode fiber [7]. Measuring the fiber’s response for a larger number of modes or higher order modes can give 

rise to new possibilities for DOFS. This can enable more physical quantities affecting a fiber to be distinguished (for 

example, strain, temperature and pressure) or it could be used as a new method for testing the drawing quality of 

few- and multi-mode optical fibers by measuring the differences in effective refractive indices in a distributed way.  

In this work we experimentally demonstrate that it is possible to measure the differences in effective refractive 

index for three different modes in a commercially available fiber supporting the propagation of 10 distinct modes, 

by sending a pulse in the fundamental mode and measuring the signal scattered into higher order modes. 

 

2. Methodology 

To test our concept, a phase sensitive OTDR interrogator, similar to the one used by Koyamada [8], has been set 

up. The scheme of the setup is shown in Fig. 1(a). A DFB laser operating at a central wavelength of 1550 nm is used 

as a light source. By changing the operating current of the laser it is possible to tune the central frequency up to 

30 GHz by steps of 75 MHz. Using a pulse generator, a 4 ns optical pulse is generated with an extinction ratio in 

excess of 50 dB, sufficient for proper measurements. To increase the pulse power, an erbium doped fiber amplifier 

(EDFA) is inserted. Then the pulse goes through a mode multiplexer, which enables a single mode to be selectively 

excited in a few-mode fiber with a crosstalk lower than -15 dB and an average insertion loss of 3 dB. The generated 

pulse is sent in the LP01 mode of the fiber under test (FUT), a 1 km long few-mode-fiber. The fiber has a core 

diameter of 25 µm, a numerical aperture of 0.17 and a gradient refractive index profile. As a result, this fiber 

supports the propagation of 10 modes. At each point of the fiber under test, the propagating pulse is partially 

scattered to all modes that are guided by the fiber [9] and propagates backwards. The fiber under test is stabilized in 

a water bath to reduce the influence of environmental perturbations such as vibrations or temperature changes. By 

using a pair of optical switches, it is possible to select a signal propagating in a given higher order modes. In this 

experiment, modes LP21a, LP21b, LP02 have been measured. The spatial distributions of all measured modes for a 

particular fiber are presented on Fig. 1(b), (c), (d) respectively. The returning signal is then amplified by a second 

EDFA. After the amplifier, a tunable filter with a bandwidth of 1 nm is used to filter out the amplified spontaneous 

emission. The filtered signal is eventually measured by a DC-coupled photodetector with a 1 GHz bandwidth and 

digitized by a 4 GHz bandwidth oscilloscope with a sampling rate of 5 GSamples/s.  
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Figure 1 a)Experimental setup. PC - polarization controller, PG – optical pulse generator, EDFA – erbium 

doped fiber amplifier, MUX – Mode Multiplexer, FMF – few-mode fiber, OS-optical switch, PD – photodiode. 

Spatial distribution of b) LP02, c) LP21a, d) LP21b modes which are measured by the present experiment. 

To perform the measurement of the differences in effective refractive index between two different modes, the 

laser central frequency is scanned. For every sampling point in the measured signal, the cross correlation of intensity 

versus frequency for different modes was calculated. Based on the maximum of the cross correlation spectrum, a 

frequency shift is obtained. Based on the finite-element method, a simulated theoretical difference in effective 

refractive index between the measured modes was obtained. The difference between LP02 and LP21a or between 

LP02 and LP21b is equal to 1.3*10-5 which translates into a theoretical -0.85 GHz frequency shift measured by the 

utilized method. The difference between LP21a and LP21b is 0 which translates to a 0 GHz frequency shift. The 

zero difference between LP21a and LP21b is the result of the same spatial distribution but rotated by 45 degrees. 

3. Results 

As a first step we verified that the measured signal is enough responsive for this measurement technique. As 

expected the measured signal is stable in time for a single laser frequency. There is a visible partial saturation of the 

detector at the beginning of the trace due to the strong reflection from the mode multiplexer input.  
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Figure 2 Measured trace for the signal scattered from LP01 to LP02 mode during propagation in a few-mode 

fiber. The high reflection from the mode multiplexer creates a blind zone of about 100 m, as an effect of 

partial saturation of the detector. 

To obtain the difference in effective refractive index between the measured higher order modes, the cross correlation 

spectrum at every point along the fiber is calculated. The cross correlation between two frequency scans for a signal 

scattered to the same mode results in a clearly visible maximum at a 0 GHz frequency shift, which can be seen in 

Fig. 3(a). But when the measured signals from different modes are cross correlated, the situation is more complex 

(Fig. 3(b)). Although different spatial distribution between modes, leads to much noisier results, there is still visible 

a randomly varying shift centered around 0. To clearly illustrate this effect, a histogram was plotted for all pairs of 
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measured modes, as presented in Figure 4. For two out of three possible pairs, there is a visible shift in the histogram 

maximum. The positions of the maximums are -0.70 ±0.05 GHz, -0.70 ±0.05 GHz and -0.05±0.06  GHz for LP02-

LP21a, LP02-LP21b and LP21a-LP21b respectively, while the theoretically predicted values are -0.85 GHz, -0.85 

GHz, and 0 GHz. This indicates that it is possible to obtain a good experimental evaluation of the difference in 

effective refractive index while considering the average correlation shift along a fiber segment.  

 
Figure 3 Calculated cross correlation spectrum for all points in the measured fiber between a) two 

measurements of the signal scattered to LP02 mode, b) measurement of the signal scattered to LP02 and 

measurement of the signal scattered to LP21a.  
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Figure 4 Histogram of the calculated frequency shift for a measurement between a) LP02 with LP21a, b) 

LP02 with LP21b, c) LP21a with LP21b. The positions of maximums are -0.70 ±0.05 GHz, -0.70±0.05  GHz 

and -0.05 ±0.06 GHz for a), b), c) respectively, while the theoretically predicted values are -0.85 GHz, -0.85 

GHz, and 0 GHz. 

 

4. Conclusion 

In this work we experimentally demonstrate that it is possible to measure the differences in effective refractive index 

between modes of a few-mode fiber. It is shown that it is possible to measure the average difference over a section 

of fiber. These results can be used to test the quality and uniformity of few and multi-mode optical fibers after 

drawing. This kind of measurement may have great value in the characterization of mode multiplexed transmission 

systems. 
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