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Abstract: In this paper, we propose a Fresnel reflection-based optical fiber sensor system for remote 
refractive index measurement using the optical time domain reflectometry technique as an 
interrogation method. The surrounding refractive index from a long distance away can be measured 
easily by using this sensor system, which operates based on testing the Fresnel reflection intensity 
from the fiber-sample interface. This system is a simple configuration, which is easy to handle. 
Experimental results showed that the range of this measurement could reach about 100.8 km, and the 
refractive index sensitivities were from 38.71 dB/RIU to 304.89 dB/RIU in the refractive index (RI) 
range from 1.3486 to 1.4525. 
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1. Introduction 
Remote monitoring is useful and important for 

some applications such as chemical industry, marine 
environments assessment, and pipeline monitoring, 
and the refractive index (RI) is an inherent 
characteristic of a substance that is closely related to 
the physical and chemical properties, hence, a 
precise detection of the RI is essential in some 
remote fields [1, 2], for example, the remote 
monitoring of the refractive index or solution 
concentration in some dangerous chemical industry 
is highly necessary for the safety production. 
Recently, Fresnel reflection-based optic sensors 
have attracted general interest due to their simple 
structure, low cost, low cross infection, and 
durability against the harsh environment [3–5]. In 
2013, M. G. Shlyagin et al. [6] proposed an optical 

fiber refractometer based on the Fresnel reflection in 
the fiber tip, in which a twin-Bragg grating 
interferometer is located at some distance from the 
fiber tip to eliminate the influence of light source 
fluctuation and environment. Such a structure is 
complex and not suitable for a remote measurement. 

In this paper, we propose a remote refractive 
index sensor based on Fresnel reflection that can 
timely tell the RI value from a long distance away, 
meanwhile, the position of the testing point can be 
obtained by using a commercial optical time domain 
reflectometer (OTDR). The theory analysis and 
experimental setup of the design are introduced and 
discussed in detail. The experimental setup is simple, 
which is easy to handle. Experimental results 
showed that the proposed remote measurement 
sensor worked well and had a good stability,     
the sensitivities were from 38.70 dB/RIU to   
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304.73 dB/RIU in the RI range from 1.3486 to 
1.4525. 

2. Setting and sensing principle 

Figure 1 shows the experimental setup of the 
proposed remote surrounding refractive index (SRI) 
sensor. The system includes an optical time domain 
reflectometer (OTDR) and a long distance single 
mode fiber whose end is cleaved as a vertical 
smooth surface which is used as a sensing head. 
Glycerol solutions with different concentrations are 
used as the testing samples whose RIs have been 
calibrated by the Abbe refractometer. 
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Fig. 1 Experimental setup of the solution concentration 

sensor. 

As shown in Fig. 1, laser light pulses (the 
wavelength is 1550 nm, and the averaging time is  
60 s) from the OTDR are emitted into the fiber link, 
when they reach the interface between the fiber’s 
end surface and sample, Fresnel reflection signals go 
backward, whose intensities are corresponding to the 
SRI, then the Fresnel reflection signal and 
backscattering light signals will be detected by the 
OTDR (FTB-150), which can be able to resolve 
intensity changes in backward signals of 0.01 dB. 
The OTDR system is normally used for the 
characterization of optical fiber links, it operates by 
periodically emitting short duration laser pulses into 
the fiber link, and the backscattering light signal and 
the Fresnel reflection signal are detected and 
analyzed by the OTDR computing system. Finally, 
the backscattering signal and the Fresnel reflection 
signal levels can be shown on the OTDR trace. 

In short-distance measurements, the transmission 
loss of the optical fiber is so low that won’t make 
much difference to the results, however, a long 

length optical fiber is used in this remote 
measurement, thus the transmission loss of the long 
fiber link cannot be neglected. From different 
distances, the detected intensity values of reflection 
signals are not equal, so the intensity of the 
reflection signal is not suitable to be used as an 
indicator for measuring the RI. Here, we choose the 
relative intensity as the indicator [7]: 
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where Iout is the intensity of the Fresnel reflection 
light from the fiber-sample interface, Iin is the input 
intensity of the laser light, and ncore and ns are the 
reflective index (RI) of the fiber core and that of the 
sample under test, respectively. ncore is a constant (be 
taken as 1.467 at the room temperature 25 ℃) which 
is determined by the physical parameter of the fiber. 
R in dB is also the height of the reflection peak on 
the OTDR trace as marked in Fig. 2. We can 
measure the surrounding refractive index from a  

 
(a) 

 
(b) 

Fig. 2 Enlarged views of two reflection peaks when sensing 
heads are located at the distances of (a) 50.4 km and (b) 100.8 km, 
respectively. 
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measurement of the height value of the reflection 
peak on the OTDR trace. 

3. Experiment and results 

We utilized this sensor system to make two 
remote SRI measurements in which the testing 
solutions were located at 50.4 km and 100.8 km away, 
respectively. The experiments were carried out 
within two laser pulse widths, the 1-μs width [Fig. 

2(a)] and 2.5-μs width [Fig. 2(b)] for 50.4-km and 
100.8-km SRI measurements, respectively. 

As shown in Fig. 2, it can be seen that every 
trace has its clear reflection peak, and the height of 
each reflection peak decreases monotonically with 
an increase in the refractive index. Figure 3 shows 
the relationship between R and SRI for the 50.4-km 
and 100.8-km SRI measurements. Experimental data 
show that two existing results are in a good 
agreement with each other, so that two results can 
use one curve to fit them. The fitting function is y = 
10.124 × lg [(1.467–x) / (1.467+x)] + 23.771 with 
fitting degrees of 0.9993 and 0.9984 for the 50.4-km 
and 100.8-km SRI measurements, respectively. In 
the fitting function, x and y are in the corresponding 
to SRI and R in dB, respectively. We can get the 
sensitivity through the derivation of the fitting 
function. The refractive index RI sensitivities for 
this sensor system were from 38.70 dB/RIU to 
304.73 dB/RIU in the RI range from 1.3486 to 
1.4525. The OTDR with a 0.01 dB measurement 
precision was used in our experiments, so the  

 
Fig. 3 Relationships between the relative intensity and 

refractive index for the 50.4-km test and the 100.8-km test. 

precision of the RI could reach about 2.58e–4 in the 
RI value of 1.3486 in theory. 

Further, the ambient temperature effect on the 
refractive indices of fiber cores needs to be 
considered, which will affect the results of the 
measurement. The thermo-optic coefficient of the 
optical fiber is about 6.45×10–6

 /℃ at the wavelength 
of 1550 nm, thus the maximum error of R can be 
calculated according to (1). The maximum error is 
about 0.045dB with the temperature change in the 
range of 0–100 ℃, when the value of ns is assumed 
as 1.3486. Thus, the resolution of the system is 
affected by the temperature change and is limited at 
about 1.0e–3 when the OTDR with the intensity 
resolution of 0.01 dB is used in our experiments. But 
when the proposed sensor works in the temperature 
change less than 30 ℃ , the measurement error 
caused by the temperature effect will decrease to 
below 1.0e–4 and can be neglected at times. 

For remote applications, the attenuation or loss 
of light caused by fiber-bending, strains and stresses 
in the fiber link is an important issue, which will 
affect the results of the measurement. We 
investigated the system’s repeatability and accuracy 
by repeating the test with a length of the fiber link as 
100.8 km, in which the samples’ true RI values were 
1.0000 and 1.4043, respectively. In addition, we 
applied a stress on the position of about 50.4 km in 
the fiber link, which caused a loss in the middle of 
the fiber link. The output OTDR traces of these 
measurements are given in Fig. 4. 

As it can be easily observed from Fig. 4, there is 
a step loss in the middle position of the dotted lines, 
which is about 1.4523 dB. After this position, the 
intensity of light back scattered and the height of the 
reflection peak for the measurements decrease with 
certain attenuation, and the differences between two 
curves are almost equal to the step loss. For these 
measurements, the measured relative intensities and 
the calculated RIs are given in Table 1. The 
calculated RIs are obtained through substituting 
these measured height values into the above 
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mentioned fitting function. 

 
(a) 

 
(b) 

Fig. 4 Output OTDR traces when sensing heads are inserted 
in (a) air and (b) a sample whose RI is 1.4043: the insets show 
the enlarged views of two reflection peaks. 

Table 1 Measured relative intensities and the calculated RIs. 

Samples 
No stress Under stress 

Measured R Calculated 
RI 

Measured 
R 

Calculated 
RI 

Air (n=1.0000) 16.446 1.0006 16.448 1.0004 
Glycerol 

(n=1.4043) 6.953 1.4044 6.955 1.4043 

As Table 1 implies, the measured relative 
intensity R remains constant with or without a stress 
in the fiber link for the same sample. By comparing 
the true values in Table 1, the calculated values have 
reached the very high accuracy. The maximum error 
is about 6e–4. This means that the measurement 
error caused by the bending loss or stress in the fiber 
link is negligible. It can be also deduced that the 
laser power fluctuation has almost no effect on the 
results by using this method, as well as the usage of 

connectors which can be treated as a loss along the 
fiber. Hence, the proposed RI remote measurement 
sensor can realize the remote measurement with a 
good stability and can be a good candidate for some 
remote applications. 

In this system, the average fiber loss was about 
0.186 dB/km, and the OTDR’ dynamic range was 
about 23 dB when the measurement range of the 
OTDR was selected to be 160 km, so the sensing 
range could reach about 124 km. When the 
measurement range of the commercial OTDR we 
used in the system was selected to the maximum 
(260 km), the OTDR’ dynamic range was about   
30 dB, so the maximum sensing distance of the setup 
could approach about 161 km. The measurement 
range of the system was determined by the fiber loss, 
OTDR’s dynamic range, spatial resolution, detection 
sensitivity, and length of the fiber link. Certainly, 
the system could be improved by using a higher 
performance commercial optical time domain 
reflectometer. Moreover, cascading some optical 
amplifiers can help to achieve a further monitoring 

[8–10]. 

4. Conclusions 

A simple Fresnel reflection-based optic fiber 
sensor has been proposed for the remote refractive 
index measurement. It operates based on the Fresnel 
reflection from the interface between the sensing 
head and sample and use the optical time domain 
reflection technique as an interrogation method. 
Such a spot-measuring method can avoid the cross 
infection between samples effectively. The proposed 
sensor system has been proved through our 
measurements that it has a good stability and can be 
a good candidate for the remote RI monitoring. 
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