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Dual-Point Refractive Index Measurements Using
Coupled Seven-Core Fibers

Natanael Cuando-Espitia
Rodolfo Martinez-Manuel

Abstract—We propose an experimental setup to measure the re-
fractive index (RI) of two independent liquid samples by analyzing
a single optical signal. We spliced a section of a seven-core fiber
(SCF) into each arm of a 1 X 2 fiber coupler and spliced additional
single mode fiber (SMF) to use as fiber probe tips. As the spatial
frequency of the characteristic sinusoidal response of an SCF is a
function of the fiber length, we used two different lengths (3 and
10 cm) in our realization. A superluminescent diode (SLD) is used as
the light source, and the reflected light by both fiber tips is acquired
through an optical circulator. An optical spectrum analyzer (OSA)
is used to analyze the spectral response of the combined signals from
both fiber tips. We characterized this sensing system by immersing
the fiber tips in liquid samples with a RI between 1.3175 and
1.4040. We show that the two independent RI measurements can
be retrieved by performing a Fourier transform on the recorded
optical spectrum. In particular, we demonstrate that with adequate
calibration, the Fresnel coefficients can be calculated indepen-
dently. The presented approach represents a straightforward and
cost-effective fiber implementation for multipoint sensing.

Index Terms—Fresnel reflection, multicore fiber, multipoint
measurement, optical fiber sensors, refractive index.

I. INTRODUCTION

URING the last decade, the development of fiber optic
D sensors (FOS) for different applications has attracted a
great deal of interest. One of the critical features of FOS is related
to the high sensitivity that can be achieved, as compared to other
standard techniques. Additionally, taking into account that FOS
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are made of silica, this allows their operation in environments
with strong electromagnetic interference and harsh conditions,
as well as high-temperature operation [1], [2]. A variety of sens-
ing applications using FOS have been demonstrated to measure
physical variables such as temperature [3], bending [4], stress
[5], torsion [6], and refractive index (RI) [7] just to mention a
few. Among those applications, the measurement of Rl in liquids
using FOS is quite important for the development of biosensors
[8-10], food industry [11]-[13], and environment monitoring
[14]-[16]. In these applications, FOS have additional advantages
such as having a small size, and they can also operate using small
amounts of liquids, polymers, or both [17]-[19].

The measurement of RI in liquids have been demonstrated
using practically every kind of optical fiber and fiber device
known to date such as multimode interference (MMI) devices
[20], [21], long-period gratings (LPG) [22]-[24], fiber Bragg
gratings (FBG) [25], [26], photonic crystal fibers (PCF) [27],
[28], tapered or etched multicore fibers (MCF) [29]-[31], cap-
illary fibers [32], Mach-Zehnder interferometers [33], [34],
Fabry-Perot interferometers (FPI) [35], [36], Michelson inter-
ferometers (MI) [37], [38], and specialty fibers [39], [40]. The
sensing mechanism in these configurations relies on the overlap
between the propagating optical field and liquid under analysis,
which induces a red/blue shift in their spectral response, and the
RIis then estimated from this spectral shift. Although good per-
formance and in some cases high sensitivities can be obtained,
the main drawback is that the liquid is typically poured and
rinsed from the fiber device itself and the risk for damaging the
device is quite high. This is particularly important when the fiber
has been tapered or etched, as well as when special splicing or
complex fabrication procedures are required. A simple solution
to this issue is to perform the measurement via the tip of a
single mode fiber (SMF) that is connected to the FOS device. In
such configuration, the RI is measured via the intensity change
that is observed when the fiber tip is submerged into the liquid.
The changes in intensity directly modulate the spectral response
generated by the FOS device connected to the SMF tip, and thus
multiplexing can be easily achieved by using a different spectral
response for each SMF tip or channel. The advantage of using
the fiber tip as the FOS probe, is that if the tip is damaged, it
can be simple cleaved and is ready for use. This is also attractive
when measuring polymers that cannot be entirely removed from
the tip.

On the other hand, devices exhibiting a spectral bandpass
response, such as MMI and LPG, will experience changes in
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their spectral peak intensity as a function of the liquid RI changes
[20]-[24]. The main issue for MMI and LPG devices is that if
one wants to multiplex them, each fiber tip or channel requires
additional spectral bandwidth to separate each channel. In the
case of FOS devices that exhibit a sinusoidal spectral response,
such as those formed by interferometers, they can be easily
adapted to perform RI measurement through an SMF tip [41].
In this way, intensity changes experienced in the SMF tip will
directly affect the sinusoidal spectrum. The advantage of this
kind of device is that each channel is encoded using a different
spatial frequency of the sinusoidal spectra, and their response
can be added within the same spectral window. Therefore, by ob-
taining the Fourier transform of the combined spectral response,
the intensity changes in each spectral peak can be observed,
and the RI calculated from these intensity changes. The main
issue in the case of interferometric devices is related to their
complex fabrication procedures that limit the reproducibility of
the devices. In this context, devices using MCF have received
some attention because their fabrication is simple since they only
require splicing a section of MCF between two SMFs to generate
the sinusoidal spectral response. Also, their spatial frequency
is modified by just changing the length of the MCF section,
which requires lengths on the order of centimeters [29]-[31]
rather than micrometers as in the case of interferometric devices
[42], [43]. In this sense, and in contrast to previously reported
refractometers using MCF, we propose here to use the MCF
device to encode each sensing channel of a fiber refractometer.
We use the fiber tip of a standard SMF, spliced to the MCF for
RI measurement, thus allowing us to generate a more robust
sensing system. Moreover, the length of the standard SMF does
not affect the signal of the proposed sensing head. Therefore,
in case of contamination or damage, the tip of the fiber can be
easily cleaved, and the new tip of the SMF used for sensing.

In this work, we demonstrate the use of a coupled seven core
fiber (SCF) to perform dual-point RI liquid measurements. To
better explain such application, we limit our experiment to two
channels. Each channel uses a different SCF length, taken care of
avoiding exact multiples of the shortest length. The SCF length
allows us then to spectrally encode each channel by simply
splicing a few centimeters length section of SCF between two
SMFs. Therefore, we obtain the RI of the liquid in each channel
from the intensity changes of the peaks observed in the Fourier
spectrum. Our results demonstrate that the multiplexing of more
channels is feasible and without complex fabrication procedures.
To the best of our knowledge, this is the first multiplexing
application of MCF for RI measurement.

II. EXPERIMENTAL SETUP

The Microstructured Fibers and Devices Group at CREOL-
UCF provided the SCF used in our experiments. The SCF has
seven hexagonal cores, as shown in Fig. 1(a) and Fig. 1(b), with
a core and cladding RI of 1.444 and 1.450, respectively. The
center-to-center distance between adjacent cores is 12 pm, the
separation between the edges is 2 um, and the edge to edge
distance of each core is 9 um.

Fig. 1. (a) Transversal section of the SCF used in this work. The fiber diameter
is 125 pum and the hexagonal cores are arranged in a honeycomb-like distribution.
(b) Detail of the fiber cores showing a separation of 12 pm between center
cores. The blue dotted line corresponds to the diameter of the core of the SMF.
(c) Schematic representation of the experimental setup consisting on a SLD, an
optical circulator (CIR), a 3dB coupler (COU), two sections of SCF (L; and
Ls). Two fiber tips (¢ 1, t2) of SMF are immersed in different liquid samples. The
reflected spectrum is recorded by means of an OSA. (d) Image of a SCF-SMF
splice taken from the fusion splicer.

The experimental setup for testing our dual-point device is
shown in Fig. 1(c). We used a superluminescent diode (SLD)
with a spectral bandwidth of 150 nm, ranging from 1460 to
1610 nm, as the optical source. This SLD is used to spectrally
interrogate the two arms of a 3 dB coupler. An optical spectrum
analyzer (OSA), Anritsu M59740A, was used to capture the
combined reflected spectrum coming from the SMF tips. As
shown in Fig. 1(c), the SLD optical signal is coupled to port 1
of an optical circulator. The light coming from port 2 is guided
to the input of a 1 x 2 coupler operating as a 3 dB coupler.
We splice a segment of the SCF to each arm of the coupler
by a fusion splicer (Fujikura FSM 60S) using the cladding
alignment mode (see Fig. 1(d)). Then, a segment of standard
SMF is spliced to the SCFs generating two SMF-SCF-SMF
structures. It is important to remember that the SCF length in
each SMF-SCF-SMF structure is different. The reflected signals
from these sensing probes are directed through port 3 of the
circulator and measured with the OSA. Finally, the combined
spectrum is processed and analyzed to obtain the RI of both
liquids.

Notice that an important advantage of SMF-MCF-SMF struc-
tures is their straightforward construction based on the direct
splicing by commercial splicers. Moreover, similar fiber struc-
tures obtained by direct splicing have been used in simultaneous
force-temperature measurements [44] as well as in curvature
[45], strain [46], [47], high sensitivity RI [7], [31] and high
temperature sensing [48].
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III. PRINCIPLE OF OPERATION

The mode-coupled theory is typically used to study MCFs in
which their cores are closely packed, and thus strong coupling
is present [49]—-[51]. The basic idea under this approach is that
the resulted modal structure (supermodes) of such waveguides
consists on the supported individual eigenmodes of each core
which also obeys dA/dz = iM A where z is the propagation
direction, A is the vector of complex amplitudes and M is the
coupling matrix [52], [53]. Previous reports have shown experi-
mentally and theoretically that in an SMF-MCF-SMF structure,
and due to their circular symmetry, the interaction occurs mainly
between the central core of the MCF and the core of the SMF;
or correspondingly, between the supermodes associated to the
central core of the MCF and the fundamental mode of the SMF
[45],[54]-[56]. According to mode-coupled theory, the coupling
coefficient between identical cores of radius p and separated a
distance d in a centro-symmetric MCF is [49]-[51]:

VAU Ko [Wd/s] 0

Here, Ky and K; are the modified Hankel functions of order
0 and 1, respectively. The contrast between the RI of the core
(n¢ore) and the RI of the cladding (n.144ding) 1s considered in Eq.
(1) by the factor 6 = 1 — (Neiadding /Neore)?. The normalized
transverse propagation constants in the core and cladding are
represented in Eq. (1) as U and W respectively, and are related
to the parameter V by V2 = U? + W2. In addition, the parameter
V is defined as:

9 2T PNeore ?
Vi T2 6 ()

A

where X is the wavelength of light in vacuum. Moreover, the
complex amplitude of the central mode for a configuration with
six outer cores, and when we launch light into the central core
is [57], [58]:

A = etk {cos (\ﬁlﬁL) L sin (\/?FLL)i|
VT

where L is the length of the SCF. Previous work on hexagonal
cores-MCF has shown a good agreement between the experi-
mental results and coupled-mode theory assuming circular cores
[31], [44], [48], [59]. Based on these reports, we have considered
circular cores on Eqs. (1)—(3) as an appropriate approximation
for the experimental hexagonal cores-MCF.

We can simplify the coupling coefficient « in Eq. (3) by
noticing its linear dependence within the region of interest of this
study (1490 nm-1590 nm) and for the values of the experimental
constants detailed in the previous section. Fig. 2 shows the
calculated coupling coefficient using Eq. (1) as a solid blue line.

The solid blue line shown in Fig. 2 was calculated using
Neore = 1.450, nejadding = 1.444, p = 4.5 pm, and d = 12 pm.
Fig. 2 also shows a linear approximation of s based on a power
series expansion around Ay = 1540 nm as a black dotted line.
The approximation of the coupling coefficient () effectively
overlaps the calculated  values using Eq. (1) in the region of
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Fig.2. Coupling coefficient between cores () as function of wavelength. The

solid blue line represents the coupling coefficient obtained by means of Eq. (1)
whereas the black dotted line represents a linear approximation based on a power
series expansion as shown in Eq. (4).

interest. The linear approximation in the expansion form is:
K =a+b(h—A) 4)

witha = 496.85 m~!, b = 8.97 x 108 m~2 and Ay = 1540 nm.
Substituting Eq. (4) in Eq. (3) and assuming a, b, A, Xy and z as
real values, the normalized power of the central mode |A\2 is:

|A]? = cos? [\ﬁL (a+b(A— )Lo))}

+ %SmQ [\f?L (a+b(x— AO))} . )
Then, using cos?f +sin®f =1 and 2cos? 0 — 1 = cos20
and rearranging terms, |A|2 can be expressed as:
|m2:%M+3mMa+BM] ©)
where o = \/7L(a — big)/m and 8 = +/7Lb/. Notice that
corresponds to a phase shift in the periodic response of the SCF
while /3 corresponds to the spatial frequency of the SCF. In Eq.
(6) the argument of the cosine function was multiplied by 1 /27 in
order to express the spatial frequency [ in cycles/um instead of
rad/pm. Fig. 3(a) depicts the normalized power for two different
fiber lengths (3 and 10 cm). The normalized power depicted in
Fig. 3(a) can be interpreted as the optical power transmitted in
an SMF-SCF-SMF device with an SCF of length L.

Fig. 3(a) shows a sinusoidal response of around two cycles
within the 100 nm plotted for the SFC of 3 cm (blue curve).
This can be explained as 3., = V7 (0.03)(8.97 x 10%)/7 ~
22.7 cycle/pum which also equals 2.27 cycle/100 nm. In contrast,
the corresponding response of the SCF of 10 cm (red curve)
shows a higher frequency response of about seven cycles within
the plotted range of Fig. 3(a) as 5 1pem = VT7(0.1)(8.97 x 108)/7
~ 75.6 cycle/pm or 7.56 cycle/100 nm.

However, the experimental setup shown in Fig. 1 relies on
the detection of the light reflected from the tip of the fibers.
In other words, the light injected in each arm of the coupler
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Fig. 3. Normalized intensity of an SCF (n¢ore = 1.450, nejadding = 1.444,

p=4.5pmandd= 12 pum Ry = 1) with two different lengths (L) in transmission
(a) and in reflection (b). Transmission curves were generated using Eq. (6) while
reflected curves were generated using Eq. (7). The dark blue curves corresponds
to a SCF with L; = 3 cm. On the other hand, the dark red curves corresponds a
SCF with Ly = 10 cm.

in Fig. 1 passes through the corresponding SCF segment twice
before reaching the OSA. The reflected intensity in each arm
of the coupler is then proportional to |A|4. Using Eq. (6) and
2cos? @ — 1 = cos 20, the reflected intensity in an SCF is given
by:
4 Ry

|Al" = % [41 + 48 cos (av 4+ 1) + 9cos (2a + 264)]  (7)

In Eq. (7) the constant R; is determined by the Fresnel
reflection experienced at the tip of the fiber. Notice that in Eq.
(7) a harmonic component at 23 arises as the light passes twice
through the SCF. Fig. 3(b) shows the reflected spectra of two
SME-SCF-SMF structures with L; = 3 cm and Ly, = 10 cm.
The number of oscillations in the curves depicted in Fig. 3(b)
coincides with their transmission counterparts (Fig 3(a)) as the
dominant oscillatory component in the expressions of Eq. (6)
and Eq. (7) is a cosine function at o + SA. However, the curves
in Fig. 3(b) exhibit slightly sharper crests and wider troughs as

the expression of Eq. (7) contains a small harmonic component
at 2 + 25A.

After traveling back from the tips of the fibers, the light beams
from both arms are combined in the coupler [60], reach the
circulator, and are then analyzed by the OSA. In general, the
intensity / of two superimposed optical signals /1, I of quasi-
monochromatic light can be obtained as follows [61]:

OPD
- ) ®)

0

I=1+ 1+ 2115 |y12(OPD)| cos (27r

In Eq. (8), 712 represents the complex degree of coherence,
OPD is the optical path difference and A is the central wave-
length of the source. When the OPD is larger than the coherence
length of the optical source (I, = 2In2 AZ/AX) the third term
of Eq. (8) vanishes [62]. In the experiment (see Fig 1), the
sensing arms of the coupler have the same length of SMF in
each arm; then, an optical path difference (OPD) of several
centimeters (~7 cm) is generated by the segments of the SCF.
Moreover, the SLD used in these experiments is centered at A
= 1535 nm and has a full width at half maximum of Ax = 150
nm; resulting in a /. of 7 pm. Having an OPD of centimeters and
using an SLD as an optical source, we make sure not to have a
Michelson-interferometer effect coming from the sensing arms
of the fiber coupler, and the output intensity reaching the OSA
can be written as:

Tout = ‘At1|4 + |At2|4 9)

In Eq. 9) |Ay |4 represents the intensity reflected back from
t; which in turn correspond to the arm with a SCF segment
of 3cm (L; = 3 cm). Similarly, | As2|* represents the intensity
reflected back from 7o which corresponds to the arm with a
segment of 10 cm of SCF (Lz = 10 cm). Notice that for the
proposed experimental setup, Eqgs. (7) and (9) implies that 4
frequency components are expected in /,,; provided that Ly >
2L, . Moreover, and according to Eq. (7), the amplitude of each
pair of components will be governed by the Fresnel reflection
experienced in each fiber tip. This means that information about
the RI of the media surrounding both fiber tips is encoded within
the amplitude of the corresponding frequency components.
Therefore, two independent refractive indices can be extracted
from a single signal by conventional frequency domain analysis.

IV. RESULTS

As detailed in the experimental setup section, the experiments
are based on the spectral analysis of an optical beam coming
from two independent fiber tips immersed in different liquid
samples. The liquid samples were prepared by mixing deionized
water (DW) and glycerol in different weight fractions. Table I
shows the glycerol content of the samples prepared in this study
and the calculated RI at 1550 nm as in [63].

As shown in Table I, the RI of the liquid samples range
from 1.3175 to 1.404. The glycerol content of the prepared
samples was chosen to obtain RI steps of 0.0173. Both fiber
tips were vertically mounted in linear stages and were cleaned
with acetone before immersing in the subsequent liquid sample.
As schematically shown in Fig. 1, the samples were allocated in
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TABLE I
REFRACTIVE INDEX OF DEIONIZED WATER AND GLYCEROL SOLUTIONS

Sample Glycerol content (wt. %) Refractive index at 1550 nm
S 0 1.3175
S, 11.54 1.3348
S3 23.08 1.3521
Sy 34.62 1.3694
Ss 46.15 1.3867
Se 57.69 1.4040

== {181,181
== t;>81,t0>S3
— t1—)S1,t2936
= Model fitting

Normalized Intensity Iou¢[a.u.]

1520 1540 1560
Wavelength [nm]

1500 1580

Fig. 4. Recorded spectra from the experimental setup. The three different
spectra data correspond to different liquid samples in #2 tip and in 1 tip.
The solid black lines correspond to model-fitting curves based on Eq. (7) and
Eq. (9). A good agreement between the data and model is evident.

commercial cuvettes using 3.5 ml of the corresponding sample.
Notice also that S; corresponds to the sample with the lowest RI
whereas Sg corresponds to the sample with the highest RI. All
the recorded spectra were normalized by the spectral response
of the light source in order to obtain the normalized intensity
I out-

During all the experiments, the laboratory temperature was
set at 25°C and a cuvette holder was used to avoid temperature
instabilities. Fig. 4 shows three representative recorded spectra
in which tip #; was kept immersed in §; whereas tip 2 was
immersed in S1, S5 and Sg.

In addition to experimental data, Fig. 4 shows model fitting
curves based on Egs. (7) and Eq. (9) depicted as black solid line
for each experimental curve. The model fitting was performed by
applying the Newton method and considering the experimental
constants values as detailed in previous sections.

Then, the corresponding constants R, from Eq. (7) and a phase
shift between signals from both fiber tips were considered as free
parameters. As seen in Fig. 4, the model fitting correlate well
with the experimental curves supporting the analysis performed
in Section II.

In general, the curves of Fig. 4 indicate that as the RI at 7o
increases, the experimental response tend to a periodic curve
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Fig. 5. Absolute value of the Fourier transforms of the model-fitted curves
shown in Fig. 4. Three peaks can be clearly distinguished. These peaks corre-
spond to the frequency terms of Eq. (6); B83cm = 22.7 cycle/um, 28 s¢, = 45.4
cycle/um and B 19cm = 75.6 cycle/pum.

of lower frequency comparing to the curve when both tips
are immersed in sample S;. As the RI at 7, increases, the RI
contrast between the fiber and the liquid sample decreases. This
in turn decreases the amount of light reflected at the fiber-liquid
interface of 7, and letting the low frequency signal reflected
from #; to dominate over the resulted curve. This behavior can
be observed in Fig. 5.

Fig. 5 shows the Fourier transform of the model-fitted curves
shown in Fig. 4. The model-fitted curves of Fig. 4 were Fourier
transformed and convoluted with the response of the OSA. Then,
the absolute value of the resulted Fourier transform is plotted
in Fig. 5 using the same color labeling used in Fig. 4. The
Fourier transformed curves shown in Fig. 5 displays three main
frequency peaks at 22.7, 45.4 and 75.6 cycle/um. However, only
the 75.6 cycle/;sm component exhibits important variation while
the 22.7 and 45.4 cycle/um peaks shows the same amplitude
over the plotted curves. The 22.7 and 45.4 cycle/um peaks
correspond to the fundamental and harmonic spatial frequencies
for L =3 cm (8 3¢m, 25 3¢m), respectively. On the other hand, the
peak at 75.6 cycle/um corresponds to the fundamental spatial
frequency for L = 10 cm (8;9¢m). The harmonic component
for L = 10 cm (25;9¢m) at 151.2 cycle/um is out the plotted
frequency range in Fig. 5 as we have centered our attention on
the fundamental frequencies which present a larger change in
component amplitude.

Fig. 5 shows that the 3¢, component decreases as the RI
at to increases and moves closer to the RI of the fiber core.
Conversely, the S3c,, and 2830, components show almost
no variation when the RI at #5 changes. This result indicates
that the information from two independent refractive indices
measurements can be effectively recovered from a single signal.

In order to further explore the proposed sensing approach, we
fixed the RI at #, and vary the RI of the sample at #,. Fig. 6
shows the recorded spectra and absolute values of the Fourier
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Fig.6. Recorded spectra (a) and Fourier transforms (b) from experiments with
t1 immersed in samples S1, Ss and S and constant RI'in #2 (S1). In contrast with
Fig. 4 and Fig. 5, Fig. 6 shows a variation on the 3 3¢, and 23 3., components
and a steady S ;9cm spatial frequency component.

transform from these set of experiments. As expected, Fig. 6
depicts the opposite behavior of Fig. 5 by decreasing the 53¢,
and 23 3..,, components as the RI at 71 increases while showing
a steady /3 10¢m component.

We also explored the repeatability (see Fig. 7) of the proposed
approach by performing consecutive RI measurements with one
of the fiber tips immersed in S; and varying the RI at the tip of
the remaining fiber tip.

The test started with both fibers immersed in S; during 10 min-
utes. During these initial 10 minutes, a spectrum was recorded
each 2 minutes. Then, one of the fibers was immersed in Ss,
S3, 84, S5 and S in that order. The corresponding spectrum of
each liquid sample was acquired after immersion in steps of two
minutes. A total of six measurements corresponding to different
refractive indices were obtained between minute 10 and minute
20. Then, both fiber tips were immersed again in S; and the
cycle started again. The test was stopped after completion of
three cycles. During the entire test, the remaining fiber tip was
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Fig. 7. Amplitude of the B3¢ and B1gcm spatial frequency components

during the repeatability tests. a) Repeatability test with constant RI at 71 and
variation on the RI at 72. b) Repeatability test with constant RI at 5 tip and
variation on the refractive index at ¢;. In both tests the RI variation in the
corresponding fiber tip occurs during three time intervals: 10-20 min, 30-40 min
and 50-60 min. During each time interval the six liquid samples were probed.

kept immersed in S;. Then, the fiber tips were interchanged and
the test was repeated. The results of these tests are summarized
in Fig. 7.

The acquired spectra were model-fitted and Fourier trans-
formed as previously detailed. Then, the amplitude of the 53¢,
and 3 ;9em components were extracted from the absolute value
of the Fourier transform. The amplitude of the (3 3.,, component
(dark blue diamonds) as well as the amplitude of the 5;9cm
component (dark red circles) are plotted as function of time
in Fig. 7. In particular, Fig. 7(a) shows the amplitude of the
extracted components for the case in which the RI at #; was kept
constant and the RI at 7o was varied; there, the ;.. component
decreases during three time intervals, namely: 10-20, 30-40
and 50-60 minutes. These time intervals coincide with the time
intervals in which the RI at #, was varied. Figure 7(a) also
shows that the (3., component presents very small changes
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Amplitude component Y [a.u.]
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Refractive index

1.32 1.34

Fig. 8.  Amplitude of the 53¢y, and 3 19cm spatial frequency components as
function of RI. The circle and diamond symbols represent the mean value shown
inFig. 7. Solid black lines correspond to model-fitting curves based on a modified
Fresnel coefficient. Green star symbols correspond to the mean value of RI
measurements of methanol, acetone and IPA (see Table II).

over the entire test. On the other hand, Fig. 7(b) shows important
variations on the 3., component and very small variations
on the 3 ;9cm component. Moreover, the variation of the (3.,
component in Fig. 7(b) displays a similar behavior of the 3 19cm
component of Fig 7(a). In both cases, a periodic behavior is seen
which coincides with the variation of the RI on the corresponding
fiber tip. Furthermore, Fig. 7 shows good repeatability in the
measurements performed with both fiber tips studied here.

In order to observe the dependence of the B3.,, and 51pcm
components on the RI of the liquid samples, we have plotted the
amplitude component Y as a function of the RI of the probed
reference samples. Each point in Fig. 8 corresponds to the
mean value of at least three experimental measurements and
the standard deviation for all points shown is smaller than the
corresponding symbols. Furthermore, Fig. 8 shows two black
solid lines corresponding to the following equation:

1.45 — 1,2 2

—_— 10
1.45 +7L1’2 ( )

Y33em,810em = C1,2 +91.2

In Eq. (10), Y35¢m and Y3 1gcm refer to the amplitude of 3 5.,
and ;9. components, respectively. The RIs at 7; and 7, are
labeled in Eq. (10) as n; and ns, respectively. The constants C
and g in Eq. (10) were used as free parameters to obtain the
best-fitting curve to experimental data. Fig. 8 shows that the
model correlates well with the obtained data. Interestingly,
the right hand side of Eq. (10) can be seen as a modified Fresnel
coefficient as the expression contains a correction factor C, the
reflection Fresnel coefficient for normal incidence and a constant
g as an extra term. These constants are related to the losses
generated at the splices of the experimental setup and thus
are not considered within the conventional Fresnel coefficient
derivation. The constant g accounts for the amount of light that
is reflected by the splices. Once the fiber setup is spliced and
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TABLE II
MEASURED RI OF METHANOL ACETONE AND ISOPROPANOL

Sample Eﬁ)f]' 7i£SD ’Zr’r:)/r 7i4SD er)/r
Methanol 13174  1.3155+4-10*  0.14  1.3149+£3-10*  0.19
Acetone 1.3483  1.3502+6-10*  0.14  1.3509+9-10*  0.20

IPA 13661  1.3701£3-10* 029  1.3697+£3-10*  0.26

provided constant power in the light source, the amount of light
reflected for RI matching conditions is also constant.

On the other hand, once the light interacts with the liquid
sample, an amount of light is reflected back according to the
Fresnel coefficient. However, before reaching the OSA the light
passes again through the splicing sites losing an amount of light
due to splice imperfections and geometric differences between
the cores of the SMF and SCF. In this sense, once the fiber
device is spliced, the amount of light lost by the splicing sites
is proportional to the light reflected at the liquid-fiber interface.
Then, the correction factor C multiplying the Fresnel coefficient
in Eq. (10) accounts for losses experienced by the light from the
fiber tip to the OSA. In general, the effect of the splices is device
dependent. Thus, as the parameters C and g are related to the
intrinsic device characteristics, these parameters can be used as
calibration parameters for each sensing fiber tip.

Finally, we have tested the proposed dual-point RI sensor
by measuring the RI of three well-known solvents: methanol,
acetone and isopropanol (IPA). The solvents were purchased
from Thermo Fisher Scientific (MA, USA) with >99.5% purity.
Refractive indexes of tested solvents at 1550 nm and 298 K
can be found in [64]. The solvents were allocated in the quartz
cuvettes and the fiber tips were immersed in the cuvettes.
The 9 possible configurations of solvents in each fiber tip
were tested (methanol-methanol, methanol-acetone, methanol-
IPA, acetone-methanol, acetone-acetone, acetone-IPA, IPA-
methanol, IPA-acetone and IPA-IPA). For each configuration of
solvents, 3 measurements were recorded resulting in a total set
of 27 recorded measurements. Then, the amplitude components
Yg3em and Ygi0cm were calculated for each recorded signal.
Once the calibration parameters C and g are determined and
considering the fact that n.,,. is higher than the RIs at #; and
t3, one can solve Eq. (10) for n; » as function of the amplitude
components Y3scr, and Y3 ;9crn, as follows:

1.45 (Ch 2 + Y83em,810em — 91,2)
Ch,2+ 91,2 — Y33em,810em

B 2.9v/C12(Ya3em,g100m — 91,2)
Ci2+ 91,2 — Ya3em,810em

ni2 =

.3

The RIs were thus retrieved based on Eq. (11) for all the
measured optical signals. Then, the results were grouped and the
mean values and standard deviation (SD) of the measurements
were calculated. Table II summarizes the results from these set
of experiments.

In Table II the mean value of the RI measured at f; is
indicated as n; whereas the mean value of RI measured at
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ty is indicated as ny. The error for n; 2 was computed as
100 X |(R1,2 — Nreg)/Nref|, Where nypep is the corresponding
RI of the tested solvent according to [49]. The mean values
of the measured RIs are also showed in Fig. 8 as green stars
symbols. The highest error registered was 0.29% and the larger
SD was 0.0009 RIU. In general, Table II demonstrates a good
correspondence of the proposed sensor with previously reported
RIs of the tested solvents at 1550 nm. Moreover, data of Table 11
shows a remarkable repeatability of the proposed sensor.

V. DISCUSSION

In this paper, we demonstrate that using the proposed con-
figuration two independent RI measurements can be obtained
by means of a single optical signal. Moreover, with the correct
calibration the reflection Fresnel coefficients can be retrieved
from each fiber tip. Although the number of sensing fiber tips
used in this study was limited to two in order to demonstrate the
feasibility of the proposed approach, is evident that the principle
of operation allows for n number of sensors which only need
to be separated in their spatial frequencies. A more extensive
multipoint sensor based on the approach presented here should
consider a precise spatial frequency design in order to maximize
the available frequency spectrum.

On the other hand, notice that in contrast with conventional
multipoint fiber sensing schemes, the proposed configuration
prevents the use of fiber Bragg gratings (FBG) or fiber in-
terferometric constructions such as Fabry-Perot, Michelson or
Mach-Zehnder interferometers. In other words, the proposed
approach replaces the use of expensive FBG or complicated
interferometric setups with a section of a SCF which is spliced
into commercial SMF. Also, different to fiber refractometers
using specialty fiber such as PCF, MCEF, and no-core fiber as
part of a sensing head, in the proposed configuration the SCF is
used only to encode the signal from each sensing tip. Therefore,
the SCF does not need to be in close proximity to the fiber tip,
allowing for easy implementation of the fiber tip as a dip-probe
sensing head. We can also consider the advantage of having a
system with a disposable sensing head since the fiber in contact
with the sensing liquid consist on commercial SMF. In this
respect, if the fiber tip gets damage or contaminated, it can be
cut, dispose, and the new tip easily calibrated to be implemented
without affecting the performance of the multipoint sensor.
Furthermore, the characteristic sinusoidal response of the SCF
can be easily tuned just by adjusting the length of the spliced
SCF in the range of centimeters.

As shown in Fig. 4 and Fig. 6(a), the recorded spectra contain
a reasonable amount of noise as only a small proportion of the
inyected light is reflected back and reaches the OSA. Although
noise-reduction methods could be applied, we have observed
that these methods result in similar results compared to the
model-fitting using the normalized raw spectra. Fig. 9 shows
a noise-reducted spectrum and the corresponding fitting based
on Eq. (6).

Fig. 9 shows a normalized spectrum in which a moving
average of 20 points was applied to smooth the experimental
curve. However, the fitted curve in Fig. 9 is almost identical to

c [
= 2
S r s t
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<£ g / = t187
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Fig. 9. Smoothed experimental spectrum and its corresponding fitting curve
based on Eq. (6). A moving average of 20 points was performed on a raw
normalized spectrum when #1 is immersed in S; and 7o immersed in Sg. The
inset shows the amplitude of the 3 5., and 3 1 gem spatial frequency components
as function of RI using smoothed spectra.

the curve obtained using the un-processed normalized spectrum.
Furthermore, the calibration curves based on the smoothed spec-
tra are shown in the inset of Fig. 9, which are also very similar to
their counterparts based on normalized raw spectra (see Fig. 8).
Therefore, the proposed method used to obtain the fitting curve
is actually accurate and permits multipoint RI measurements
with the proposed configuration.

It is worth to mention that the analysis of the experimental
results presented here assumes that the RI of the liquid samples
is lower than the RI of the fiber core; and the current experimental
setup is unable to distinguish between Rls above or below the
RI of the fiber core. However, the uncomplicated realization of
the experimental setup allows us to further investigate how to
overcome this limitation.

VI. CONCLUSION

A simple configuration of a multipoint RI sensor was pro-
posed and demonstrated. The sensor was based on sections of
SCF spliced between commercial SMF. By employing differ-
ent lengths of the SCF, the information about the RI at the
corresponding fiber tip was spatially frequency encoded. A
conventional Fourier analysis was performed to retrieve the cor-
responding Fresnel coefficient. The SMF is used as the sensing
head, and allows for a disposable sensing head system, as in
case of damage or contamination the fiber tip can be cleaved
and easily calibrated to use it as the new sensing head. The
proposed approach present advantages as straightforward design
and inexpensive fiber devices. Nevertheless, the limitation of the
current experimental setup is the ambiguity for liquid RI below
and above the RI of the fiber core and forthcoming investigations
in our group will address this limitation. The study presented
here can be seen as starting point for the development of more
robust multipoint fiber sensors based on highly coupled SCF.
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