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Refractive Index Measurement Based on Thin-Core
Fiber In-Line Mach-Zehnder Interferometer and
Differential Intensity Demodulation

Xun Cai, Pan Pan

Abstract—A compact and reliable thin-core fiber (TCF) based
in-line Mach-Zehnder interferometric (MZI) sensor for refractive
index (RI) measurement is proposed and experimentally demon-
strated. A section of TCF is sandwiched between a multi-mode
fiber (MMF) and a single-mode fiber (SMF) to form the sensing
head. In addition, the use of the differential intensity demodulation
method not only greatly reduces the system cost, but also solves the
problem of power fluctuation in the RI interrogation system. Three
samples with different sensing lengths have been made, and the
maximum sensitivity of 59.9 dB/RIU has been obtained in the range
of 1.332-1.411 RIU, which means the measurement resolution is
about 1.669 x 10~* RIU. Besides, the proposed MZI-based RI
sensor is less sensitive to temperature, thus the cross-sensitivity
effect can be greatly weakened.

Index Terms—Differential intensity demodulation, fiber optic
sensor, in-line Mach-Zehnder interferometer, refractive index
measurement.

1. INTRODUCTION

VER the past decades, refractive index (RI) sensor plays
O an important role in biomedicine, heavy metal ions detec-
tion, food safety and so on [1], [2], [3]. Compared with tradi-
tional electrical or fluorescence-based RI sensors, fiber optic RI
sensors have been extensively studied due to their unique merits,
such as easy fabrication, low cost, light weight, electromagnetic
immunity and compactness. To accurately detect the surround-
ing refractive index (SRI), several types of sensors with different
structures have been proposed, like fiber Bragg grating (FBG)
sensors [4], long-period fiber Bragg grating (LPFBG) sensors,
partially etched chirped fiber Bragg grating (pECFBG) sensor
[5], fiber surface plasmon resonance (SPR) sensor [6] and fiber
interferometric sensors [7], [8], [9], [10].

Among these schemes, the fiber modal interferometer-based
sensors have attracted more attention due to the advantages of
easy manufacture and high sensitivity. Jiao et al. revealed an
MZI based on core and cladding modes coupling with sensitivity
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of —18.1764 nm/RIU within a narrow measurement range from
1.3105t0 1.3517RIU [11]. Yang et al. presented an SMF-EYDF-
SMF structure to measure the SRI change with maximum sen-
sitivity of —22.811 nm/RIU, however, in addition to the broad-
band light source, the system also uses a 980 nm laser diode,
which increases the system cost and introduces an extra power
fluctuation effects [12]. Wang et al. demonstrated a cascaded
fiber tapered MZI, which enjoys sensitivity of 158.4 nm/RIU,
but still possesses a narrow measurement range of 1.33~1.3792
RIU [13]. Chen et al. reported an RI sensor based on a cascaded
taper structure with sensitivity up to 3751 nm/RIU, but with in-
adequate mechanical strength [14]. However, the mentioned sen-
sors above usually utilize the wavelength demodulation method
rather than intensity demodulation for RI measurement, which
usually faces problems such as poor demodulation accuracy
and high cost. Besides, this method usually has a trade-off
between sensitivity and measurement range, that is, enjoying
high sensitivity means no wide measurement range and vice
versa. However, intensity demodulation-based interferometric
RI sensors are often susceptible to light source fluctuation and
modal power distribution variation in fibers, which hinders their
application prospects. In order to address these shortcomings
and improve the system’s performance, many schemes have
been proposed, such as the self-calibrated method [15] and the
spectral peak-valley difference method [16].

In this paper, we have demonstrated an in-line MZI sensor
based on single mode-multi mode-thin core-single mode fiber
(SMTS) structure to measure SRI. Compared with the conven-
tional wavelength demodulation scheme and considering the
practicability, the differential intensity demodulation method
(DIDM) has been utilized to reduce the system cost and elimi-
nate the influence of optical power fluctuation. Comprehensive
experimental measurements have been carried out in terms of
SRI, temperature and stability. The maximum SRI sensitivity
is around 59.9 dB/RIU in the sensing range of 1.332~1.411
RIU when utilizing 14 mm thin core fiber (TCF) as the sensing
element. Besides, the temperature-induced cross-sensitivity ef-
fect is only 4.5 X 10~* dB/°C, which has little influence on the
intensity change and can be ignored in the real application.

II. OPERATIONAL PRINCIPAL AND FABRICATION

The schematic diagram of proposed SMTS structure MZI is
illustrated in Fig. 1(a). A section of thin-core fiber is sandwiched
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Fig. 1. (a) The schematic view of the proposed MZI based on SMTS structure;
(b) and (c) are microscope images of the fabricated MZI near two ends,
respectively.

between an MMF and a lead-out SMF to form the sensing head.
As a mode coupler, the MMF excites many higher-order modes,
which significantly enhances the power ratio between TCF’s
core and cladding modes. When the input light is emitted to
the lead-in SMF and then passes through the MMF part, part of
core mode power will couple into the excited cladding modes
of TCF due to the mode field mismatch (MFM), while the rest
of the core mode power will continue to propagate along the
TCF. Due to the different propagation constants between core
and cladding modes, the interference will occur at the TCF-SMF
splicing point. All fibers are spliced with the Auto Mode splicing
procedure (Fujikura, 66S) without any additional parameter
setting. It should be noticed that although the splicing method is
uncomplicated, careful cleaving is still required. Any unflatness
of fiber end face will bring unnecessary loss for subsequent
fiber fusion, and this fusion loss will affect the visibility of the
transmission spectrum and insertion loss of the MZI.

In the process of fiber cleaving, a fiber cleaver (Fujikura,
CT-08) with installed fiber clamp is required to increase the
possibility of getting flat fiber end faces (<2°). To maintain the
fiber perfectly level, the another end should also be carefully
pulled by hand. The fabrication of the proposed RI sensor can be
simply divided into the following three steps: firstly, the lead-in
fiber SMF and MMF are spliced together to obtain SMF-MMF
end, as shown in Fig. 1(b). Then, the TCF and the lead-out
SMF are spliced together to obtain TCF-SMF end, as shown in
Fig. 1(c). Finally, the two parts are spliced together to get the
SMTS structure.

If the changes of mode polarization and mode field caused by
environmental physical quantities are ignored, the transmission
function of the MZI can be shown as follows [17]:

+ ZICZ m )\ nsur)

+2Z\/Iw

where I.(%) and I, (X, ngyr) represent the intensity of the
core mode and mth order cladding modes, respectively. ¢ =

Q’XL [Meo(A) — nerm (A, nsyr)] is the phase difference between
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core mode and cladding modes that produces the interference
fringe in the transmission. L is the length of sensing head.
Neo(X), Nei(A,Ngyr) and A are the core mode index, m-th
cladding mode index and wavelength of the input light, respec-
tively. An = nco(A) — Nerm (A, Nsyr) s the index difference
between core and m-th cladding mode. Since the fiber core
is not in contact with the external environment, its refractive
index is thought to be almost unrelated with the surrounding
refractive index. For ¢ = (2k + 1), the m-th order destructive
interference dip is given by :

- ncl,m()\; nsur)] -L
2k +1

When the SRI increase continuously, the effective cladding
mode index n. (A, ng,,-) will also increase correspondingly,
which results in the blue shift of the transmission spectrum.
The free spectrum range (FSR) of the transmission spectrum
is determined by the optical path difference (OPD), AnL , as
shown below:
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Moreover, the intensity sensitivity 5 s R 7of the MZI could be
expressed as (4) by differentiating (1) with respect to SRI:
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From [18], we could know that the higher order cladding
modes commonly have lower mode refractive indices and higher
mode sensitivities W Because the higher the mode
order is, the larger the mode field area will be, so it is more
sensitive to external SRI. In addition, it can also be found that
the intensity sensitivity of the sensor is proportional to the length

of the sensing head.

. clm }\ nsur)
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III. SIMULATION AND EXPERIMENTAL SETUP

The propagation of light in the MZI is simulated by using
beam propagation method (BPM). Numerical solution of the
propagation field distribution along the MZI has been generated
using the fiber parameters listed in Table I, with input wavelength
A = 1550 nm. As shown in the Fig. 2, the reimaging points
within the MMF are evident at a Z position around 8 mm and
10 mm. This result is similar to that in [19]. However, consid-
ering the cutting accuracy (£0.5 mm) of fiber and the problem
of insertion loss, the optimal length of MMF is about 10 mm.
Furthermore, when the light is coupled from the MMF to the
TCF section, the power of the core mode is reduced again. But,
the majority of the power still remains in the fiber core due to
the high numerical aperture (NA) of the TCF.

Fig. 3 shows the experimental setup of proposed SMTS
structure in-line MZI based on TCF used for refractive index
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TABLE I
FIBER PARAMETERS USED FOR SIMULATION
. ore laddin
. Core Cladding C ¢ 'ng Length
Fiber Type Diameter (um) Diameter (pm) Index Index (nm) NA
. . (RIV) (RIV) .
Lead-in and lead-out
. 8.2 125 1.4514 1.4446 3000 0.14
SMF(Corning ,28e)
MMF(YOFC,SI 105) 105 125 1.4523 1.4446 10700 0.15
TCF(Nufern,UHNA?7) 2.4 125 1.501 1.4446 10000 0.41
x10* -20 ——SMS  M=10mm 0.0010 B —sws
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-9 Higer-order mode
| g < 0.0002 L *
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Fig. 4. (a) The transmission spectra of the fabricated SMTS structure with
1 i different lengths of TCFs in the air; (b) The corresponding spatial frequency
spectra. M and T represent multi-mode and thin-core fiber, respectively.
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Fig. 3.
MZI.

Experimental setup of the RI sensor based on thin-core fiber in-line

measurement. A broadband light source (BBS) with the wave-
length range of 1450~1650 nm is coupled into the lead-in SMF
after passing through an isolator (ISO). The interference spec-
trum is recorded by an optical spectrum analyzer (OSA) with
resolution of 0.08 nm. To maintain straight lines and eliminate
the bending loss, both ends of the sensor are fixed between two
fiber fixtures, locked onto two single-axis translation stages. An
unfixed V-groove is placed in the middle of the scissor-type lift
platform (Zolix, MJ60), which has a lifting range of 60 mm.

To measure RI, the sensor head is immersed in various con-
centrations of glycerin aqueous solution. The refractive index
of these glycerin aqueous solution varies from 1.332 to 1.411
RIU, which is corrected by a commercial refractometer with
resolution of 0.001 RIU. Before each measurement, a disposable
dropper was used to drop an aqueous glycerin solution into the
V-groove. Due to the surface tension of the liquid, the solution
will just soak the sensor head without flowing. After that, the
sensing head is repeatedly rinsed with deionized water and
alcohol until the spectrum is consistent with the original one
in the air.

Fig. 4(a) shows the transmission spectrum of the fabricated
SMTS structure with TCF lengths of 5, 8 and 10 mm. The
transmission spectrum theoretically includes interference be-
tween the eigenmodes of the multimode fiber. But, there is
no interference occurs when the length of TCF is O mm. The
possible reason for this phenomenon is that the interference
between the eigenmodes modes of the MMF core has a very
large FSR, which is not within the measured output spectra [20].
The FSR of the SMTS structure decreases with the increase
of sensing length L, which is consistence with (1). As shown
in Fig. 4(b), the fast Fourier transform (FFT) spectra of the
measured transmission spectra are also performed. There is
only one main peak representing the fundamental mode in its
spatial frequency spectrum when the TCF is 0 mm. As the
length of TCF increases, the spatial frequency spectra of the
MZIs exhibit bimodal characteristics due to the excitation of
higher-order cladding modes. In addition, with the decrease
of FSR, the spatial frequency gradually increases, which is
consistent with the FFT theory. In our experiment, we have also
made several SMF-TCF-SMF (STS) structures before making
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Fig.5. Output spectra evolution of the proposed TCF based in-line MZI with

different SRI when the length of TCF is 5 mm: (a) From 1540 nm to 1580
nm, (b) From 1580 nm to 1620 nm; The relationship between (c) intensity and
(d) intensity difference of the chosen two wavelengths and the changing SRI.

SMTS structures. Although the insertion loss of STS structure
is smaller than that of SMTS structure, its interference spectrum
has some disadvantages such as low contrast, insignificant peak
value and uneven range of free spectrum.

IV. RESULTS AND DISCUSSIONS

In our experiment, we have made three samples with different
TCF lengths, and firstly investigated the RI sensing performance
of the in-line MZI with 5 mm TCF at room temperature (25 °).
During each measurement, the knob of the scissor-type lift table
is rotated until the V-groove is aligned with the MZI as depicted
in Fig. 3, which ensures that the sensing head is fully immersed
in the glycerin solution. Fig. 5(a) and (b) reveal the transmission
spectra evolution of the proposed TCF based in-line MZI with
SRI varying from 1.332 to 1.411 within 40 nm spectral region.
The linear relationship between the intensity of two chosen
wavelengths (1559 nm, 1597 nm) and the RI variation is shown
in Fig. 5(c). The intensity sensitivity of Aiss9 nm 1S calculated to
be —7.4 dB/RIU with good linearity of R?> = 0.99 within the SRI
range from 1.332 to 1.411 RIU, while for A ;559 nm , the proposed
sensor exhibits the RI sensitivity of 15.37 dB/RIU. It is obvious
that the transmission intensities at Ajs59 nm and Ajs97 nm change
in the opposite trend with SRI. Therefore, SRI measurement can
be achieved by monitoring changes in the intensity difference
between the two wavelengths, and the differential intensity is
more sensitive to SRI than either single wavelength. As shown
in Fig. 5(d), the RI sensitivity of the proposed in-line MZI is
improved to 22.77 dB/RIU after differential intensity demodu-
lation, which also enjoys a good linearity of 0.98.

In addition, according to (4), the RI sensitivity is relevant to
the length of the sensing head, so TCF with lengths of 8 mm
and 10 mm are selected for the next experiments, respectively.
The output spectra evolution of the in-line MZI sensor by using
TCF with the length of 8 mm have been measured when the
SRI changes from 1.332 to 1.411, as shown in Fig. 6(a) and (b).
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Fig. 6.  Output spectra evolution of the proposed MZI with different SRI when
TCF is 8 mm: (a) From 1500 nm to 1540 nm. (b) From 1540 nm to 1580 nm;
The relationship between (c) intensity and (d) intensity difference of the chosen
two wavelengths and the changing SRI.

The chosen wavelengths used for demodulating the RI are 1501
nm and 1556 nm, labeled as A1501 nm andX 556 nm. By comparing
Fig. 6(a) and (b), it can be found that the phenomenon of spectral
blue-shift after 1550 nm is more obvious, which may be caused
by the fusion process. According to the Part II, the higher order

cladding mode enjoys large mode sensitivity W,

which is more sensitive to the change of SRI. Thus, the change
of SRI will lead to a greater change of the effective RI of the
cladding mode, resulting in a smaller An. On the other hand, by
observing the spatial frequency spectrum with TCF of 8§ mm in
Fig. 4(b), it can be found that the first dominant peak representing
the higher order cladding mode is split, which generates more
higher order modes to the interference process. From Fig. 6(c)
and (d), the RI sensitivities of Ajso; nm and Ajssenm by using
TCF with length of 8 mm are estimated to be —15.59 dB/RIU
and 21.74 dB/RIU, respectively. A higher RI sensitivity of
37.34 dB/RIU and linearity of 0.99 are obtained by the differ-
ential intensity demodulation.

To verify that the splicing process makes the blue-shift phe-
nomenon more noticeable when TCF is 8 mm, another contrast
experiment has been carried out with a TCF length of 10 mm.
As shown in Fig. 7(a), only when the sensor head enters the
low concentration glycerol solution (n = 1.341) from the air
(n = 1) does the spectrum have a clear blue shift. Besides,
the range of spectral movement with increasing RI is almost
negligible when SRI changes from 1.341 to 1.411 RIU. Also,
the chosen two wavelengths used to demodulate the SRI enjoy
the intensity sensitivity of —20.4 dB/RIU and 22.18 dB/RIU,
respectively. And the sensitivity of the TCF-based in-line MZI
after differential intensity demodulation is up to 42.58 dB/RIU
with good linearity of 0.997.

‘We have also conducted experiments with TCFs of 12 mm and
14 mm, respectively, to further illustrate the relationship between
the sensor’s sensitivity and the TCF’s length, and the experi-
mental results are displayed in Fig. 8. When TCF is 12 mm, the
differential sensitivity is approximately 52.74 dB/RIU, whereas
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Fig. 7. (a) Output spectra evolution of the proposed MZI with different SRI
when TCF is 10 mm from 1540 nm to 1580 nm. The relationship between
(b) intensity and (c) intensity difference of two chosen wavelengths and the
changing SRI.
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mm.

when TCF is 14 mm, the differential sensitivity increases to
59.9 dB/RIU, as can be observed by comparing Fig. 8(c) and
(d). As a result, it can be said that the sensor’s sensitivity is
proportional to the length of the TCF, which is in accordance
with the theoretical analysis.

Moreover, temperature change also has impacts on the RI
measurement, which usually leads to the movement of the
optical spectrum, resulting in crosstalk between temperature and
refractive. In our experiment, the temperature characteristics of
the in-line MZI sensor based on 14 mm TCF have been mea-
sured, and the sensing head was placed in a temperature control
module (TCM) with the precision of +0.01°C for temperature
measurement. Fig. 9(a) displays the change of the transmission
spectra in a wavelength range of 50 nm as temperature increases
from 25 °C to 55 °C with a step of 5 °C, the optical spec-
trum experiences redshift with the increasing temperature. From
Fig. 9(b), one can see that the temperature induced intensity
sensitivities of the chosen wavelengths X503 nm and Ajs534 nm are
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Fig. 10.  (a) The repeated scanning spectra of the proposed TCF-based in-line
MZI sensor in 60 minutes at n = 1; The wavelength and power stability of
(b) 1504 nm and (c) 1536 nm atn = 1 in 1 hour with a step of 5 minutes.

estimated to be 0.029 dB/°C and nearly 0 dB/°C, respectively.
Then, the maximum differential temperature sensitivity is only
0.027 dB/°C with good linearity of 0.99, as shown in Fig. 9(c).
So, compared with the previous RI-induced intensity sensitivity,
the temperature-induce one is much smaller, and the refractive
index measurement error caused by the latter is about 4.5 x
10~* RIU/°C, which can be ignored in the practical application.
Therefore, the RI sensing scheme based on differential inten-
sity demodulation can effectively alleviate the cross-sensitivity
problem.

Furthermore, the stability of the proposed RI sensor has
been measured at 25/°C for 1 hour with n = 1, as depicted
in Fig. 10. The wavelengths remain almost no shift and the
intensity fluctuations are smaller than +0.05 dB at both of
chosen wavelengths for demodulating. After using the DIDM,
the intensity difference AP is around +0.03 dB, which means the
corresponding refractive index measurement accuracy is +5.008
x 10~* RIU. The characteristics comparison of our work with
other studies based on intensity demodulation is summarized in
Table II [21], [22], [23], [24]. The most significant advantage
of the proposed sensor is that it guarantees high sensitivity
as well as a wide dynamic range, and is not affected by the
fluctuations of the light source, which is mainly attributed to
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TABLE II
COMPARISON OF CHARACTERISTICS WITH OTHER STUDIES

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 6, DECEMBER 2022

Sensitivity Dynamic Power
Structures (dB/RIV) range (RIU) fluc-tuatlon Ref.
resistance
SMF-MMF MI 94.58 0.0386 No 22
SMF-tapered
MMF-SMF MZI 72.247 0.023 No 23
Half-tapered
SMS MZI 345.78 0.015 No 24
EFPI 37 0.109 No 25
SMTS MZI 59.9 0.079 Yes This work

*MI: modal interferometer, EPFI: extrinsic Fabry-Perot interferometer

the differential intensity demodulation method. Considering the
practical application, the sensor structure proposed in this paper
can be configured with mature packaging technology, such as
the packaging operation of a fiber fusion tapering machine.

V. CONCLUSION

To sum up, we have demonstrated an RI sensor based on
the in-line SMTS structure and differential intensity demodula-
tion method. The sensor exhibits a maximum RI sensitivity of
59.9 dB/RIU from 1.332 to 1.411 RIU when the TCF is 14 mm.
Furthermore, the temperature insensitivity and power fluctuation
resistance of the proposed sensor will effectively solve the cross
sensitivity problem between surrounding RI and temperature.
The proposed RI sensor also enjoys the advantages of high
RI sensitivity, broad measurement range, easy fabrication and
cost-effectiveness, which makes it attractive for chemical and
biological sensing applications.
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