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High Sensitivity Balloon-Like Sensor Based on
Twin-Core and Twin-Hole Fiber

Jing Zhang

Abstract—An all-fiber Mach-Zehnder interferometric (MZI)
sensor for measuring temperature and refractive index (RI) is
proposed and experimentally demonstrated. A high sensitivity
balloon-like mode interferometer is fabricated with a twin-core and
twin-hole fiber (TCTHF). The variations in ambient temperature
and RI cause changes in phase differences between the modes,
leading to shifts in the interference spectrum. The two resonance
dip wavelength shifts within the spectrum are used to investigate
the temperature and RI characteristics of the sensor. Experimental
results show that the two dips have different responses to tempera-
ture and RI, indicating that the sensor can realize simultaneous
measurement of temperature and RI. The obtained maximum
sensing sensitivities are 0.051 nm/°C and 423.168 nm/RIU. The
proposed sensor has potential applications in physical, biological,
and chemical sensing owing to its high sensitivity, low cost, and
small size.

Index Terms—Mach-Zehnder interferometric, Multimode fiber,
Refractive index measurement, Twin-core and twin-hole fiber,
Temperature measurement.

1. INTRODUCTION

PTICAL fiber sensors have been widely used in the sens-
O ing applications of various physical, biological, and chem-
ical measurements. Numerous optical fiber sensors based on
different structures have been proven to be capable of measuring
several parameters in recent years. Among these parameters,
temperature and refractive index (RI) are the most important
in many applications. A variety of optical fiber temperature or
RI sensors, such as optical fiber interferometer sensor [1]-[4],
surface plasmon resonance optical fiber sensor [5], and optical
fiber grating sensor [6]-[9] have been developed. Among these
optical fiber temperature and RI sensors, optical fiber sensors
based on different coupling structures, such as single-mode
fiber (SMF)-multimode fiber(MMF)-SMF structure [10], [11],
SMF—tapered Bragg grating—SMF [12], [13], special optical
fiber cascade [14], [15], fiber transverse offset splicing [16], and
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combined structures [17]-[24] have attracted increasing atten-
tion in frontier fields, such as physics, biology, and chemistry.
The simultaneous measurement of multiple parameters using
optical fiber sensors is widely used in complex environmental
monitoring.

Zheng et al. [18] developed a sensor comprising a few-mode
fiber and two spherical structures. The spherical structure acts
as a coupler, which can excite high-order modes and couple
back the high-order modes and cladding modes into the optical
fiber. This sensor can simultaneously measure the temperature
and RI. Within the ranges of 25 °C-80 °C and 1.335-1.398, the
sensitivities of temperature and RI are 0.054 nm/°C and 27.77
nm/RIU, respectively. Dong et al. [19] devised a D-type fiber
structure combined with fiber Bragg grating (FBG) to measure
the temperature and RI. The sensitivities of temperature and RI
are 28.7 pm/°C and 31.79 nm/RIU, respectively. Shi et al. [20]
proposed a Sagnac ring based on long—period grating (LPG)
and polarization—-maintaining fiber (PMF) to simultaneously
measure temperature and RI. The sensitivities of temperature
and RI of LPG are 0.201 nm/°C and 8.36 nm/RIU, respec-
tively, whereas the sensitivities of the Sagnac ring are 1.06
nm/°C and 23.068 nm/RIU, respectively. Although both the
temperature and RI can be measured simultaneously by these
sensors, the sensitivity of RI is relatively low. Zhao et al. [21]
proposed an interference structure composed of Sagnac loop
mirror and balloon—like interferometer, which is used to measure
temperature and RI at the same time. A segment of PMF is
embedded into the Sagnac loop structure to form a Sagnac loop
interferometer. The balloon-like structure is built with a bent
SMF to form a mode interferometer. Experimental results show
that the sensitivities of the temperature and RI can reach up to
1.7 nm/°C and 218.56 nm/RIU. The sensitivities are improved
compared with the previous ones. However, the sensor structure
reported in this literature is fabricated in series with Sagnac loop
and MZI, which will increase the size of the sensor and is not
suitable for miniaturization measurement.

In addition to the sensing structures for simultaneous mea-
surement of temperature and RI, other structures of sensors for
measuring curvature or transverse load have also been proposed.
Yin et al. [22] proposed an intensity—modulated bend sensor by
using a SMF-twin—core fiber (TCF)-SMF structure. The sensor
was created by splicing a segment of TCF between two segments
of SMF. The diameters of the two cores are 5.96 ym and 7.19 pm,
respectively, and the distance between the centers of the cores is
14.8 pym. The curvature is measured by coupling the modes be-
tween the cores, and the intensity—modulated method is applied
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Fig. 1.  Schematic diagram of sensor structure.

for the bend measurement. The sensor achieves a sensitivity of
0.671 /m~! and a resolution of 0.003 m~! in the range of 0
to 1.25 m~!. However, the precision of curvature measurement
using light intensity is relatively low, and the phase ambiguity
is easy to occur in a large range of curvature measurement.
He et al. [23] proposed a temperature—insensitive directional
transverse load sensor based on an FBG inscribed in a segment
of dual side-hole fiber (DSHF). The resulting FBG transmission
dip features two individual Bragg wavelengths corresponding to
transverse electric and transverse magnetic modes, respectively,
induced by the birefringence in the DSH-FBG. The birefrin-
gence changes in case the DSHF is subjected to transverse loads,
leading to a wavelength separation, which exhibits a different
sensitivity to the transverse loads applied in different directions.
The load sensitivity exhibited two maxima and two minima in
a polar coordinate system, achieving a maximum value of 699
pm/(N/mm) for transverse load applied along the slow axis and
a minimum value of 285 pm/(N/mm) for transverse load applied
along the fast axis. Tapered stretching and bending techniques
have been used in many sensor structures in recent years to
achieve high-sensitivity measurement [24], [25]. However, ta-
pered optical fiber sensors are considerably fragile. Thus, the
use of these sensors in practical applications is difficult.

In this paper, an all-fiber high sensitivity balloon-like mode
interferometer based on twin—core and twin—hole fiber (TCTHF)
is proposed, and the temperature and RI characteristics are ana-
lyzed theoretically and verified experimentally. The experimen-
tal results show that the temperature sensitivity is 0.051 nm/°C
in the range of 25°C-75°C, and the RI sensitivity is 423.168
nm/RIU in the range of 1.3423-1.3478. The proposed sensor
has the characteristics of high sensitivity, simple structure, strong
robustness and low price.

II. SENSOR FABRICATION AND CONFIGURATION

The schematic diagram of the sensor structure is shown in
Fig. 1. The MMF (YOFC Optical Fiber Company) is fused at
the two ends of the TCTHF. The core and cladding diameters of
MMF are 105 pm and 125 pm, respectively. The two ends of the
MMF are fused with the SMF (YOFC Optical Fiber Company),
with a core and cladding diameter of 8.2 yum and 125 pm,
respectively, as the input and output fibers. The sensing structure
is bent into a balloon-like shape. The diameter is defined as D,
as illustrated in Fig. 1.

The TCTHEF in the sensor consists of a central core, a side
core and two air holes. The micrograph of TCTHF cross section
is shown in Fig. 2(a), and the schematic diagram of TCTHF
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Fig. 2.  Cross section of TCTHF: (a) micrograph and (b) schematic diagram.

cross section is shown in Fig. 2(b). The two cores has the same
diameter of 7.6 pym and are asymmetrically located. One core
is along the central axis, and the distance between the centers
of the cores is 28 pm. The RI of center core and side core is
ny, and the value is 1.4510. The RI of fiber cladding is ny, and
the RI difference between the core and cladding is 0.0042. The
diameter of the air hole is 28 pm, and the Rl is 1. The ambient
Rl is ng.

In the process of fabricating the sensor, first, both ends of
TCTHEF are spliced with two segments of MMF. Manual align-
ment is adopted when splicing MMF and TCTHF. After the
MMF core is aligned with the TCTHF center core, the splicer
is operated to complete splicing. Due to the existence of air
holes, part of the air holes collapses, and the insertion loss of
the fusion point is about 1.3 dB. Second, both ends of MMF are
spliced with two segments of SMF as input and output optical
fibers. The splicing is automatically implemented by using the
standard SMF splicing mode. The fiber alignment method is
selected to be core—to—core. The splicer can automatically align
the SMF core with the MMF core and complete the splicing. The
insertion loss of the fusion point is about 0.7 dB. After splicing,
a section of the TCTHEF is placed in hydrofluoric acid for 30
minutes to remove part of the cladding and let the side core
be mostly exposed. The thickness of the remained cladding can
be controlled by changing the etching temperature or etching
time. When the etching reaches the specified time, one end of
the sensor structure is bonded to the glass substrate with UV
adhesive. Then, the TCTHF is bent to a specified radius and
the other end of the sensor is also bonded to the same glass
substrate with UV adhesive. Although the splicing method is
easy to perform, the fiber needs to cut and spliced carefully.
Splicing loss can reduce the coupling ratio, which influences
the fringe visibility and transmission loss of the interference
spectrum.

When light is launched into the MMF through the lead—-in
SMF at the spliced point, high—order modes are excited to
transmit in the core of MMF due to the mode mismatch. The
fundamental mode at the spliced point of MMF and TCTHF
is coupled back to the central core and the side core. Part of
the fundamental and higher order modes is transmitted in the air
hole and cladding. A part of light will be free from the constraint
of the side core due to the fiber bending and penetrate into the
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Fig.3. Simulated effective RI of the fundamental mode of the side core versus

the cladding thickness with an interval of 0.5 pm.

cladding when the light propagates into the balloon-like bending
section. After passing through the bending region, the cladding
modes will couple back to the side core. At the spliced point of
MMF and lead—out SMF, the cladding modes and fundamental
mode of the side core interfere with the fundamental mode of
the center core. These modes with different effective RI and
transmission path interfere at the output of the sensor. As the
effective RI of side core cladding modes and fundamental mode
depend on the ambient RI, the change of ambient RI will affect
the phase difference between these modes, which leads to the
spectral shift of the transmission spectrum.

III. THEORETICAL ANALYSIS

For the TCTHF used in the sensor structure, no coupling
is observed between the central core and the side core due to
the large separation between the two cores. We mainly focus
on the analysis of the propagation characteristics of the side
core because the central core mode are mostly unaffected by the
ambient RI change.

The schematic diagram of cross section of TCTHF is shown in
Fig.2(b). The cladding radius is 62.5 pm, and Ar is the thickness
of the side core cladding. The wave equations of electric field E
and magnetic field H are expressed as:

v+ @g- ) [ ] - o <1>

where 3 represents the longitudinal propagation constant, kg =
27 /A is the wave number in vacuum, A is the wavelength in
vacuum, and n is the RI of optical fiber material. The analytical
expression of the mode field is difficult to obtain. Therefore,
numerical method (finite element method) is chosen for ana-
lyzing effective RI of the fundamental mode of the side core.
The ambient RI is set to be 1, ny is set to be 1.4510, n is set
to be 1.4468, and the wavelength is set to be 1550 nm. The
simulated effective RI of the fundamental mode of the side core
with different Ar is shown in Fig. 3. The effective RI increases
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Fig. 4. Relationships between effective RI of the fundamental mode of side
core and ambient RI under different Ar.

with Ar and changes rapidly when the thickness is less than 4
pm. When the thickness is greater than 6 um, the effective RI
does not change and remains stable. Therefore, if the cladding
of the TCTHF is removed to the extent of Ar <4 um, the
fundamental mode of the side core is sensitive to the change of
ambient RI.

In order to verify the effect of ambient RI on the effective
RI of side core fundamental mode, the effective RI of side core
fundamental mode with ambient RI is calculated. The thickness
of the side core cladding is set to be 0 pum, 2 um, and 3
um, respectively. The relationships between effective RI and
ambient RI are shown in Fig. 4. The sensitivity of fundamental
mode effective RI change to ambient RI change can be ex-

side

pressed as Angy /A n3 = k. It can be seen from Fig. 4, k =
6.74 x 10~ at the condition of Ar = 0 um, k = 2.74 x 1074
at the condition of Ar = 2um, and k& = 1.51 x 107 at the
condition of Ar = 3 um. The fitting curve shows that with the
decrease of Ar,the change of ambient RI has a greater influence
on the effective RI of side core fundamental mode.

The mode effective Rls in the side core are sensitive to the
ambient RI change, whereas the mode effective RIs in the central
core are insensitive to the ambient RI change. The interference
spectra between the central core and the side core can be used
for RI measurement.

In order to verify the influence of fiber bending on evanescent
field intensity, simulations are carried out to study the modes
transmission and the normalized distribution of fundamental
mode energy in the side core, and the results are shown in Fig. 5.

As can be seen from Fig. 5, when the optical fiber is bent, the
energy of the fundamental mode in the core becomes smaller,
part of the energy leaks into the cladding, and the evanescent
field intensity enhances. The cladding modes will couple back
to the side core after passing through the bending section.

From the above analysis, when Ar is less than 4 um, the
effective RlIs of the side core fundamental mode and cladding
modes are affected by the ambient RI, so the phase differences
between the central core fundamental mode and other modes
are affected by the change of ambient RI, leading to the spectral
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shift of the transmission spectrum. Assuming only two mode
components interfere with each other, after the transmitted light
passes through the balloon—like bending region, the transmission
intensity can be expressed as [26]:

Tour () = Icore (X) + Lother (X)
+ 2\/Icore ()\) : Iother ()“) - COs (A(p) ’ (2)

where I.,.. and I,pe, are the intensity of the central core
fundamental mode and other modes of which include side core
fundamental mode and cladding modes, A is the phase differ-
ence between the central core mode and the other modes, and
can be expressed as

Ap = 2mAness L/xo = i—z (neff —neff) L 3)
where Aq is the central wavelength, ng‘}rfe and ng‘;f}” are the
effective RIs of central core fundamental mode and other modes,
respectively. A nepp = ety — ngif}” is the effective RI differ-
ence between the central core fundamental mode and the other
modes, and L is the length of the sensing unit. When is (2 m-+1)
m, the interference intensity is minimal, and the dip wavelength

of the m~th order is
Am =20ncpeL/(2m+1),m=1,2,---. 4)

When the ambient temperature and RI change, L and Angg
also change. In order to measure temperature and RI, two dip
wavelengths with good sensitivity and linearity are selected as
the characteristic wavelength, named as dipl and dip2. The
relationships between the wavelength change and the ambient
parameters are as follows:

A)\.l _ le k R1 AT ( 5)
Alo |~ \ koo kpa AR |’
where k7 and kg are the temperature and RI sensitivity coeffi-
cients of dip1, k79 and kpo are the temperature and RI sensitivity

coefficients of dip2, Ai; and A A, are the wavelength changes of
dip1 and dip2, and AT and AR are the changes of temperature
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and RI. By solving (5), we can obtain:
AT 1 [ kry —kr: Alq ©)
AR| D\ —kr2 kr Ahg |7

where D = le k‘RQ — lekTQ, and D 75 0.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

The balloon-like mode interferometers with different sensing
lengths and bending diameters have different interference per-
formances. The sensing length refers to the bare region of the
fiber. The length of the optical fiber sensing part is measured
before it is fabricated into a balloon-like interference structure.
The sensing length should be chosen as small as possible to
make the intensity change as a linear relationship. However, the
curvature will be very small when the optical fiber sensing length
is too small. Thus, the sensing length of the coating—stripped is
selected to be about 25 mm. A cladding thickness of 1.5 um
and a bending radius of 15 mm are selected for the balloon-like
structure. The sensing structure is adhered to the glass substrate
by UV adhesive to ensure that the sensor head is fixed.

Schematic diagram of experimental system is shown in Fig. 6.
The two ends of the sensor are connected to an amplified
spontaneous emission source (ASE) with a wavelength range
of 1510-1590 nm and a wave analyzer (1500S wave analyzer,
Finisar Company) with a spectral resolution of 0.01 nm. The
interference spectrum of the sensor is collected by the wave
analyzer, and displayed, stored and analyzed by a computer.

A. Temperature Experiment

The temperature sensitivity of the sensor is investigated by
putting it into a constant temperature device whose temperature
can be adjusted. The accuracy of the device is 0.1°C. The photo
of experimental system is shown in Fig. 7.

The temperature is raised from 25°C to 75°C, and the data
are recorded every 10°C. In order to ensure the accuracy of
measurement, the data are recorded after the temperature reaches
the set value for 5 minutes. Transmission spectra at different
temperatures are shown in Fig. 8. With the increase of tempera-
ture, the spectral shape and interference modes of transmission
spectra remain unchanged. The whole spectrum moves towards
the long wavelength direction.

The temperature experimental process was repeated 6 times.
After averaging the results of 6 measurements, the average was
subtracted from each measurement to calculate the repeatability
error. The result is shown in Fig.9. It marks each dip fluctuation
with a minimum repeatability error of 0.05 pm and a maximum
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repeatability error of 5.45 pm. The repeatability error of each
temperature point of the dip was small, and the fluctuation
range was narrow, which meets the requirement for practical
applications.

In order to analyze the origin and intensity distribution of
interference modes, the transmission spectra in Fig.8 are Fourier
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transformed to get the spatial frequency spectra, and the result
is shown in Fig. 10. The dominant intensity peak at zero relates
to the central core fundamental mode. The intensity is primarily
distributed in the central core fundamental mode, the side core
fundamental mode and the side core cladding mode. It can be
seen from Fig.9 that the side core cladding mode and the central
core fundamental mode are the main interference modes. There
is also interference between central core fundamental mode and
side core fundamental mode. The interference also involves side
core fundamental mode and side core cladding mode, but it
contains less intensity.

B. RI Experiment

The performance of the sensor in measuring RI is evaluated
by immersing it in five concentrations of NaCl solutions with
the RI ranging from 1.3423 to 1.3478. In accordance with the
empirical formula of NaCl solution [27], NaCl solutions with
concentrations of 5%, 6%, 7%, 8%, and 9% are prepared at
a room temperature of 25°C, and their corresponding RI is
1.3423,1.3435, 1.3449, 1.3463, and 1.3478, respectively, which
are verified by using an Abbe refractometer. The sensing unit
is cleaned before each NaCl solution is replaced to restore the
sensing spectrum to its original state. The transmission spectra
of the sensor in different concentrations of NaCl solution are
measured and shown in Fig. 11. With the increase of the ambient
RI, the spectral shape and interference modes of transmission
spectra remain unchanged. The whole spectrum moves towards
the long wavelength direction.

Similarly, the RI experimental process was repeated 6 times.
After averaging the results of 6 measurements, the average was
subtracted from each measurement to calculate the repeatability
error. The result is shown in Fig.12. It marks each dip fluctuation
with a minimum repeatability error of 0.15 pm and a maximum
repeatability error of 7.22 pm. The repeatability error of some
dips is slightly larger, which is caused by a certain change in
room temperature during the experiment.
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C. Experimental Results Analysis

It can be seen from Figs. 8 and 10, the interference spec-
trum of the sensor contains multiple dips, so it is necessary
to comprehensively consider the sensitivity and linearity of
measurement. In order to select the appropriate dip wavelengths
as the characteristic wavelengths, the sensitivity and linearity of
the dips in the interference spectra are analyzed, and the results
are shown in Table L.

Considering the sensitivity and linearity of dip wavelengths,
dipl and dip2 are selected for temperature and RI measure-
ment. The relationships between temperature and wavelength
are shown in Fig. 13. The dip1 and dip2 wavelengths have good
linear relationships with temperature. The fitted temperature
sensitivities of dips 1 and 2 are k1= 0.042 nm/°C and kpo=
0.051 nm/°C, respectively.

The relationships between RI and wavelength are shown in
Fig. 14. The dipl and dip2 wavelengths have good linear rela-
tionships with ambient RI within the range of 1.3423-1.3478.
The RI sensitivities of dip1 and dip2 are kg = 341.773 nm/RIU
and kpro=423.168 nm/RIU, respectively.

TABLE I
SENSITIVITY AND LINEARITY ANALYSIS OF DIP WAVELENGTHS
Temperature RI
Drp Sensitivity Sensitivity
(nm/°C ) R-Square (nm/RIU ) R-Square
1 0.0419 0.9951 341.7727 0.9914
2 0.0507 0.9971 423.1680 0.9832
3 0.0395 0.9937 350.2245 0.9837
4 0.0416 0.9936 332.6682 0.9733
5 0.0431 0.9943 364.7435 0.9653
@ dipl— dipl linear fitting
15564 © dip2— dip2 linear fitting
~ 1555 4
g
£ —
= 1 dipl dip2
gb 1554 1 qulJmot'ion y=a*px+b y=afx+b
5 | a 0.04192 0.05066 |
) x b 1547.92646 1552.81692 2
2 R-Square 0.99514 0.99711
§ 1551 4 sD 0.0387 0.0344
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T T T T T
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Fig. 13.  Relationships between temperature and wavelength.
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Fig. 14.  Relationships between RI and wavelength.
In accordance with (6), the sensitivity matrix is
AT 1 423.168 —341.773 Al )
AR| ~ 0.403 \ —0.051 0.042 Ay

In the actual measurement process, according to the changes
of two wavelengths, the temperature and RI changes can be
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obtained by (7). The sensitivity of the proposed sensor can be
improved by properly choosing the remained cladding thickness
that depends on the etching time and etching temperature. There-
fore, the optimization of parameters, such as the bandwidth of
light source and the cladding thickness near the side core, are
important and should be investigated in detail to obtain better
performance.

V. CONCLUSION

In this paper, a high sensitivity balloon-like sensor is proposed
to measure the temperature and RI simultaneous. The sensor
is composed of a segment of TCTHF, two small segments of
MMFs and two segments of SMFs. The effect of the thickness
of the TCTHF side core cladding on the effective RI of the
side core fundamental mode is analyzed. The effect of optical
fiber bending is simulated. The temperature and RI sensing
characteristics of the sensor are theoretically analyzed and ex-
perimentally demonstrated. The experimental results show that
the sensitivities of temperature and RI are 0.051 nm/°C and
423.168 nm/RIU, respectively. The sensitivity of the sensor can
be adjusted by changing the cladding thickness of the side core,
so that the proposed sensor can be used for either large-scale
measurement or small-scale high—precision measurement. The
proposed sensor features low cost, high sensitivity, simple con-
figuration, and double-parameter measurement, which has great
application potential in the field of physical, biological, and
chemical sensing.
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