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A Universal and Stable All-Fiber Refractive
Index Sensor System
A. Basgumus, F. E. Durak, A. Altuncu, and G. Yılmaz

Abstract— In this letter, a universal, simple, and stable all-fiber
sensor system is proposed to measure the refractive index (RI) of
liquids. The basic principle of the technique is based on the relative measurement of the Fresnel reflection from sensor probes.
A quadruple of time-division multiplexed Fresnel reflected pulses
are obtained from a single nanosecond input pulse owing to the
latencies in fibers with different lengths. The measured RIs for the
different liquids show that the proposed all-fiber RI sensor system
enables linear and repeatable measurements. The performance
of the system is compared with the previously published studies,
and good agreement is observed, showing the accuracy of the
measurements. The standard deviations of the measured RIs
are obtained in a short-term measurement as 2.8 × 10−6 for
distilled water, and in a long-term measurement as 2.99×10−5 for
methanol, showing the high repeatability of the measurements.
Index Terms— Fresnel reflection, optical fiber sensor, refractive
index sensing.

I. I NTRODUCTION

A

UNIVERSAL and stable detection of the refractive
index (RI), which is an important optical parameter
in liquids and gases, is commonly required in many fields
of industrial applications. In recent years, Fresnel reflection
based optical fiber RI sensors have become an attractive
research area because of their advantages such as immunity
to electromagnetic interference, small size, remote monitoring,
high resolution, stable and fast measurement capability [1].
There are various fiber optic refractive index measurement
techniques for liquids presented in the literature based on
Fresnel reflection [1]–[8]. Remote RI measurement using
optical time domain reflectometry technique has been demonstrated in [2]. The RI measurement range of this system was
from 1.3486 to 1.4525. Another measurement technique uses
a 1×2 optical switch, to measure the RI of various chemical
liquids at 1550 nm wavelength. The temperature dependence
of the RI in tap water was also presented in [3]. Multipoint
fiber optic RI measurement systems for liquids based on
Fresnel reflection and wavelength division multiplexing
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using an arrayed-waveguide grating were also presented
in [4] and [5]. Kim and Su [6] have applied double pulse
technique for the RI measurement of various liquids at
1310 nm and 1551 nm. A RI resolution of about 2.5×10−5
has been achieved using this technique.
In this letter, we demonstrate a universal, simple and stable
all-fiber sensor system based on Fresnel reflection for measuring RI of various liquids. In this technique, a quadruple of time
division multiplexed optical pulses reflected from the fiberair interface (reference probe) and the fiber-liquid interfaces
(sensing probes) are derived from a single input pulse. The
time division multiplexed pulse technique with nanosecond
input pulses and short fiber lengths provides highly accurate,
repeatable and fast differential RI measurements for liquids.
The proposed measurement system is quite simple exhibiting
low signal loss due to having single passive optical component
so that it can be manufactured as a portable compact device
for both sensing of the RI of the liquids and gases as well as
for analyzing the composite gases.
II. P RINCIPLE AND E XPERIMENTAL S ETUP
The basic idea of the technique is to generate quadruple
time division multiplexed Fresnel reflected optical pulses using
a nanosecond pulsed laser source, and to determine the RI
of liquids using differentially reflected pulses from fiber-air
and fiber-liquid interfaces. The reflected pulse from the fiberair interface of the reference probe is used to normalize
the reflected pulses from the fiber-liquid interfaces of the
all 3 sensor probes. The accuracy and stability of the RI
measurement in our fiber optic sensor system is unaffected
by the fluctuations in pulsed laser source power, photodetector response, and environmental factors such as temperature,
humidity, etc. due to the normalization process. On the other
hand, when the RI of a measured liquid is very close to
the effective RI of the fiber used, the Fresnel reflected light
intensity from the sensor probe approaches to the noise level
of the photodetector. This situation limits the RI measurement
range and accuracy of the sensor system.
The experimental setup of the proposed optical fiber RI
sensor system is shown in Fig. 1. A stable optical pulse
stream is generated by a nanosecond pulsed laser source with
a pulse width of about 50 ns and a repetition frequency of
10 kHz (Fig. 2a) at 1550 nm and then is launched into one
of two input ports of a 2×4 single mode splitter. The input
pulse is divided into four ports with an average 25% splitting
ratio. The fiber optical probes (reference and sensors 1-3)
have standard telecommunication ferrules with a diameter of
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Fig. 1.
The experimental setup of the Fresnel reflection-based all-fiber
RI sensor system.

where, I j is the reflected pulse intensity of the sensor probes,
Ir is the reflected intensity of the reference probe, j is the
sensor probe number. Here, K j is the attenuation correction
factor related with the variations in the splitting ratios of the
coupler ports 1-4, and sensor probe fiber lengths.
When the sensor probes 1-3 are dipped out the same
liquid, the reflected pulse intensities are measured and then
normalized by the reference probe reflection, thus the relative
reflection can be obtained as [3]
   
Ij
1
, j = 1, 2, 3.
(2)
Rj =
Ir
Kj
The average relative reflection for the sensor probes 1-3 can
then be calculated and related to the RI of the target liquid n x
as

 

3
n f + n air 2 n f − n x 2
1
Rj =
(3)
Rav =
3
n f − n air
n f + nx
j =1

where n f is the effective refractive index of the single mode
fiber and the RI of air n air is 1.0002739 [9].
The calculation of the square root of (3) leads to
two different roots obtained for n x < n f and n x > n f :
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Here n f the effective refractive index of the fiber, can be
calculated using the known group refractive index n g and
dispersion relation as
Fig. 2. (a) The input pulses with a 50 ns pulse width and a repetition rate
of 10 kHz generated by a nanosecond pulsed laser source. (b) The quadruple
time delayed reflected pulses from the air-fiber interfaces of reference and
sensor probes 1-3 while all probes are in the air.

2.5 mm for protection and ease of cleaning the fiber tips. The
time-separated pulses reflected from the reference and sensor
probes 1-3 are shown in Fig. 2b as being delayed in time
by 2L/c, where 2L is the travelling path length difference
(∼60 meter) and c is the speed of light in the fiber. The Fresnel
reflected pulses from the reference and sensor probes 1-3, are
detected using a 5 GHz photodetector (Thorlabs DET08CFC),
are measured in real-time using a 2 GS/s digital oscilloscope
(Agilent DSOX2002A) and processed with a computer.
Assuming that all of the reference and sensor probes are
equally excited using a single input pulse, an attenuation
correction factor K j can be obtained for the reflected pulse
intensities to realize a differential measurement when the all
reference and sensor probes 1-3 are in the air [7].
Kj =

Ij
,
Ir

j = 1, 2, 3

(1)

dn f
λ.
(5)
dλ
The group refractive index n g is 1.4681 for the operating
wavelength of 1.55 μm [10]. For silica, the dispersion relation
is given by the Sellmeier formula [11] and n f can be given
as a function of the signal wavelength:
⎞1/2
⎛
λ2
1
+
0.696166
⎜
λ2 − 0.06840432 ⎟
⎟
⎜
λ2
⎟
⎜
n f = ⎜ + 0.407943
(6)
⎟ .
2
2
⎜
λ − 0.1162414 ⎟
⎠
⎝
2
λ
+ 0.897479 2
λ − 9.8961612
From (5), n f is 1.44953 at λ = 1.55μm.
n f = ng +

III. R ESULTS
The RI values of various common liquids are measured
using our setup and compared with the results given in
literature. All of the measurements were repeated for a time
period of approx. an average 25 periods. All of the experiments
were performed at a temperature of 22 ± 0.5°C and with a
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Fig. 3. The RI increase versus the concentration of salt solution fitted with
a linear function. The fitted equation and the fitting degree is shown.
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Fig. 4. The short-term stability of the multiple sensor system tested by the
RI measurement of the distilled water at 1550 nm.

TABLE I
T HE R EFRACTIVE I NDEX M EASUREMENTS FOR D IFFERENT
L IQUIDS G IVEN IN THE L ITERATURE AND THE
M EASURED VALUES AT 1.55 μm

Fig. 5. The long-term stability of the multiple sensor system tested by the
RI measurement of methanol at 1550 nm.

relative humidity (RH) of 25 ± 2 %. Firstly, the all three
sensor probes and the reference probe were kept in the air
and the attenuation correction factors were obtained as 0.962,
0.966, 0.969, respectively. Then, the three sensor probes were
dipped at the same liquid. We have measured the RI of the
distilled water with the addition of linearly increased amount
of salt to validate the linearity of the measurement results. The
solutions with the defined concentrations have been prepared
using the data for the mass of the salt (gr) and the volume of
the distilled water (ml) before the measurement. The measured
RI versus salt concentration of the solution is given in Fig. 3.
It can clearly be seen that the measured RI variation of the salt
solution is in very good agreement with a linear fit. The fitted
value of ∂n/∂C = 0.17151 is exactly the same value given
in [7], and very close to the reported values in [4] and [12].
These results confirm the linearity of the measurement system
and also the accuracy of the linear function is given with a
fitting degree of 0.9978.
Table I shows the measured RI values of eight different
organic solvents at 1.55 μm and their corresponding values
given in the literature. The values of the temperatures used
in [13] and [14] are 27°C and 20°C, respectively. However,
the temperature value is not provided in [3]. Moreover, no RH
values are presented in [3], [13], and [14]. One can see that

the measured RI values in our system are very close to the
RI values given in [3], [13], and [14] for all solvents except
the RI values of ethanol and benzene in [3]. The results show
that the proposed Fresnel reflection based all-fiber RI sensor
system is able to measure a relatively wide range of RI values
for liquids accurately and simultaneously.
To test the short-term stability of the RI sensor system, the
RI of the distilled water was measured repeatedly for a time
period of 100 seconds. Fig. 4 shows the short-term stability
of the measurement system. The standard deviation of the RI
is 2.8 × 10−6 which is better than the result given in [3]. Our
results reveal that the proposed time-division multiplexed fiber
sensor system for RI measurement of liquids has a very good
short-term stability.
To test the long-term stability of the RI sensor system,
we measured the RI of methanol and its standard deviation
for a time period of 90 minutes and this result is shown
in Fig. 5. The standard deviation of the RI measurement
is 2.99 × 10−5 and it reveals that the long-term stability of
the system is relatively higher than the previous results given
in literature. The quadruple-pulse technique based on relative
Fresnel reflection corrects the unwanted errors arising from
the fluctuations in pulsed laser source, photodetector and the
environmental effects.
IV. C ONCLUSION
In this study, a universal, simple, accurate and stable Fresnel
reflection based all-fiber sensor system was presented for
measuring RI values of liquids. The performance of the system
was compared with the previous studies and a good agreement

174

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 28, NO. 2, JANUARY 15, 2016

was observed showing the accuracy of the measurements. The
slope of RI variation as a function of the concentration of
salt solution has shown that the linearity of the measurement
was quite high. The standard deviations of the measured
refractive indices were obtained in a short-term measurement
as 2.8 × 10−6 for distilled water, and in a long-term measurement as 2.99 × 10−5 for methanol which indicates the high
repeatability. The proposed all-fiber sensor system can also
be used for simultaneously sensing different volatile organic
compounds (VOCs) or to analyze composite gases by using
different types of sensor probes coated with sensitive thin
films. This issue will be the following subject of our study.
The proposed sensor system can be manufactured as a portable
compact device due to its universal, simple, low loss and low
cost properties.
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