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Abstract: To solve the cross-sensitivity problem in the dual-parameter optical fiber system, a
new type of sensor based on cascaded interference structure is proposed without cross-sensitivity.
The design consists of a Michelson interferometer and a Sagnac interferometer based on a
high-birefringence suspended core fiber segment. After calculating by the analogous Fast Fourier
Transformation (FFT) and filtering by FFT filter, the spectrum of the sensor responds linearly to
the change of axial strain and lateral stress. The sensitivity to lateral stress is 3.13 nm/(kPa) in
the range from 0 to 1200 Pa and the axial strain is 1.846e™* (nm-pe)~! from 0 to 4000 pe. The
capability of the proposed sensor for dual-parameter sensing is also experimentally demonstrated.
The precision rate for dual-parameter sensing is as high as 66.7%, reflecting the sensor’s usability
for simultaneous measurement of axial strain and lateral stress.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Ever since the optical fiber sensor comes out, it has presented unique and exciting properties,
such as anti-electromagnetic interference, high response speed, remote sensing capability, and
so on [1-5]. All of the advantages make its popularity in many application fields, such as
boundary protection systems in the military area, large building health monitoring systems in the
engineering field, and vital signs data acquisition systems in medical fields [6-8].

With the demand changing in different fields, the research focus on optical fiber sensors has
gradually shifted from single parameter sensing to dual or multi parameters sensing. Up to now
the structures designed could be classified into two categories. The first one is realizing the
dual-parameter sensing based on the different characteristics of a single structure. The principle
is that the different features of the sensor can respond to specific environmental variations. For
example, an inline Mach-Zehnder interferometer (MZI) could be used to simultaneously measure
strain and temperature because of the sensitivity difference between different interference dips
[9]. Refractive index and strain could be measured at the same time by the fiber Bragg grating
(FBG) because the period of the grating is sensitive to the axial strain change while the mode
effective refractive index is sensitive to the external environment refractive index fluctuation
[10]. However, this type of sensor has great cross-sensitivity because the same characteristic of
the sensor may not only respond to just one environmental parameter [11-15]. Another way to
achieve dual-parameter sensing is to combine different sensing structures. For example, FBG is
combined with photonic crystal fiber (PCF) for simultaneous measurement of magnetic field
and temperature [16], FBG is combined with Fabry-Perot (FP) to achieve measurement of the
temperature and gas pressure at the same time, two Sagnac interferometers (SI) were cascaded
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together to simultaneously measure the temperature and strain [17]. However, this type of sensor
has great cross-sensitivity and high insert loss introduced by the mismatch between different
structures. In addition, the demodulation method for most dual-parameter sensors usually is
calculating the cross-sensitivity matrix [18-20]. The effectiveness of the cross-sensitivity matrix
is related to the sensitivity difference [21]. The greater the difference will give rise to better
performance of the sensor. Thus, it is crucial for a dual-parameters sensor to reduce measurement
errors caused by cross-sensitivity when working in complex environments.

In this paper, a dual-parameters sensor based on a cascaded interference structure is designed
and fabricated to simultaneously measure axial strain and lateral stress without crosstalk. The
sensor consists of one Michelson Interferometer (MI) and one SI. Through low-power fusion
splicing process, the MI and SI can share the same optical coupler which means the MI exists
in the SI loop. Experimental results show that the spectrum of the MI part is sensitive to the
axial strain with a sensitivity of 1.846e™* (nm-uge)~! while the spectrum of the SI part is sensitive
to the lateral stress with a sensitivity of 3.13 nm/(kPa). Since the axial strain and lateral stress
sensing are realized by the different parts of the sensor, there is no cross-sensitivity between the
two parts which ensures the sensor’s accuracy for practical sensing.

2. Fabrication

Figure 1(a) is the structural representation of the high-birefringence suspended core fiber (HB-
SCF) and Fig. 1(b) is the cross-section view of the HB-SCF observed under a scanning electron
microscope. The cladding diameter of HB-SCF is 125 um, which is the same as the standard
single-mode fiber (SMF). There are six large air holes around the elliptical core, of which the
long axis size is about 8 um and the short axis size is approximately 4 um. The size of the
air holes is about 22 um by 27 um. The fabrication process and optical characteristics of the
HB-SCF have been researched and published by Zhengyong Liu et al. [22]. The size difference
between two axes of the fiber core offers a large group modal birefringence, which value is about
—4.75%107* at 1550 nm. Thus, a SI could be built up based on the HB-SCF.

(a) (b)

Fig. 1. (a) The structure of the HB-SCF; (b) The cross-section of the HB-SCF under an
electron microscope.

Figure 2(a) to (c) shows the fabrication process of the structure of the cascaded interference.
The first step is building up a MI based on a 1:1 optical coupler. If the SMF is cut off by the
optical fiber cleaver, about 4% of the input light will be reflected and the rest will be dissipated.
When the two reflected rays transmit through the coupler, they will be coupled together. The
travel length of the reflected light is different if there is a length difference AL between the two
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out fibers, introducing a phase difference. Therefore, a MI is built up, of which the spectrum is
shown in Fig. 2(d) by a black line. The free spectral range (FSR) is 0.55 nm.
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Fig. 2. (a) to (¢) The fabrication process of the sensor; (d) the transmitted spectrum at
different fabrication processes.

The second step is splicing one of the two output SMFs with the HB-SCF. Manual fusion mode
is chosen to avoid collapse introduced by the large air holes in the HB-SCF. Meanwhile, a multiple
low power fusion way is used rather than a single high power fusion way to avoid the splicing
collapse. The intensity and number of the fusion power are ~300 ms and 10, respectively.The
results of the different fusion way are shown in Fig. 3. Using the single high power will cause
collapse at the fusion point, resulting in the structure change in the HB-SCF. On the contrary,
the boundary between the SMF and the HB-SCF can be easily distinguished when using the
multiple low power way to splice the fiber. The blue line in Fig. 2(d) shows the spectrum after
the fusion process. The FSR is 0.64nm, which is slightly wider than the FSR before fusion. It
can be inferred that the cross-section of the fusion point can also reflect the light but the fusion
process has little influence on the FSR of the MI.

Fig. 3. (a) The fusion result between SMF and HB-SCF under single high-power method;
(b) The fusion result between SMF and HB-SCF under multi-low power method.

Concluded from the experiment result, the other output SMF cannot be fused with the HB-SCF
because the MI will disappear and only the SI will appear on the final output spectrum. Thus,
the last step is aligning the cladding of fiber to build up a SI loop rather than fusing the fiber as
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the illustration shown in Fig. 2(c). Though there will be a slight gap between the two fibers, it
does not influence the sensor function. The alignment of the fiber could also be accomplished
by the ceramic ferrule when the sensor works in a more complex environment. The red line in
Fig. 2(d) represents the final spectrum. The large FSR interference results from the SI, and the
small interference results from the MI. The length of the HB-SCF is 0.68m and the FSR of the
Ml is 7.3nm. Since the FSR of SI is much large than the MI, the FFT filter could be helpful to
distinguish out the different frequencies in the demodulation process.

Generally speaking, at least two optical couplers are needed to achieve the cascade connection
of interferometers, which means high insert loss and high system complexity. But the structure
we designed is much simpler because just one optical coupler is used.

3. Principles

3.1. Michelson Interference

For the M1, the interference spectrum can be expressed as:

IM] =I| +Iz+2\/11]2COS((p+(p0) (1)

the I} and I, are the intensity of the reflected light from the out-fiber ends, which are fixed
constant. ¢ is the initial phase difference and ¢ is the phase difference between the two reflected
lights which is related to the length differenceAL and the effective index of the fiber core n. Thus,
the interference spectrum can also be expressed as:

4rnAL

Ivr = Amr + B cos( + o) )

where A= I + I, Byp= (I %1) /2.
According to the mathematical properties of the cosine function, the Ij;; reaches its minimum
value when ¢ equals 2(m+1) m as shown in Eq. (3).

4nnAL
A

=2m+ )n 3)
The FSR is defined as the wavelength difference between the two adjacent interference dips,

which can be calculated as:

A A
2nAL " 2nAL

FSRyr = - 4 = “)

When the axial strain of one leg is changed, theAL will extend and increase FSR. However,
the relationship between FSRy;; and AL is not linear, which. To solve this problem, the A-FFT
aiming at a wavelength-domain signal can be applied on the spectrum if the transmitted spectrum
is considered a wavelength-domain signal. The definition of the A-FFT in wavelength-domain
can be expressed as:

F(w) = / f(De “tda &)

The spatial frequency of the spectrum can be obtained through Eq. (5) . The unit of the F(Iy;)
is nm~!, which can also be expressed Hz because the definition of spatial frequency.
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According to Eq. (5), Eq. (2) can be transformed as:

2 A
Inr = Apr + By €08(—o5— + fo) = Amr + By cos2nfid + fo) (6)
FSRyy

The A-FFT result of I;; can be calculated as:

Flu) = C+ 20167 = i = fo) + 60 +fi = o) ™

where C is the constant value and §(f) is the impulse function. Therefore, the change of FSRyy;
can be linearly reflected on the F(Iy;;). Further speaking, the axial strain change of one leg of the
MI can be linearly demodulated by the A-FFT method.

3.2. Sagnac interference

For the SI, the interference spectrum can be expressed as:
Is1 = Ast + Bgy cos sy (®)

The gy is the phase difference between the light transmitting through the fast and slow axes,
which is related to the length Lp of the HB-SCF and the phase modal birefringence B(A).

2n
wsi = —BLp 9)
A
B=1n —nd| (10)
The wavelength of interference dip can be expressed as:
2BLp
- 11
2m+ 1 (i

If the length variation caused by lateral stress is ignored, the relationship between wavelength
shift and lateral stress can be deduced as:
dd  2Lp dB

dP ~ 2m+1dP (12)

The orange line in Fig. 4(a) is the transmitted spectrum obtained during the experiment. The
blue line is the result curve of the low pass FFT filter below 0.17 Hz. The SI spectrum can

(a) -4 transmitted spectrum of the sensor (b) 3500 )
6k “‘” a ]ompass FFlT filter rpder O.NI/‘7[ TIZ 3000 Sagnac interference
g sl i e e I
] ‘ 1" A D 2500
z 10k ( | 2 left peak .
'é 10 | I | ‘ E 2000 right peak
‘g -2t i =
2 |H 7 ‘ ‘ ‘ w ! “ \H ‘ E 1500 ! ','vMichelson interference
el
= | ' [ ! 1000
-16 - w ' ‘ | ‘ “00
-18 ’ ‘
L L L L 0 i ! i
1520 1530 1540 1550 1560 1570 0.0 0.5 1.0 1.5 2.0 2.5
Wavelength(nm) Frequency(nm™)

Fig. 4. (a) The final output spectrum of the sensor and the low pass FFT filter result; (b)
The A-FFT result of the sensor spectrum.
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be reproduced as expected because 0.17 Hz is slightly bigger than the spatial frequency of
SI. Figure 4(b) is the A-FFT result curve of the sensor spectrum. The low-frequency peak is
introduced by the SI while the high-frequency peak is introduced by the MI. There are two peaks
introduced by the MI which is consistent with Eq. (7). Theoretically, the sensitivities of the two
peaks should be the same.

4. Experimental Results
4.1. Lateral stress sensing experiment

The light is input by an ASE laser of which the spectrum region is from 1500 nm to 1600nm. The
transmitted spectrum is obtained by an optical spectrum analyzer (OSA, AQ6070D) of which
the minimum resolution is 0.02 nm. About 25 cm HB-SCF is coiled and stuck to a horizontal
platform as shown in Fig. 5. Then an acrylic plate is put on the fiber to ensure the even distribution
of pressure. When the standard weight objects amount is increased or decreased, the lateral stress
applied on HB-SCF is also changed. The weight of the single standard weight object is 0.5 kg
and the size of the acrylic plate is 25cmx10cm. Thus, the intensity of pressure exerted on the
fiber by every weight is 200 Pa.

ASE

Optieal ~_~
Qoﬁplé{/%'\.»;,?-' 2

Fig. 5. The experiment system for lateral stress sensing.

According to the analysis result in chapter 2.2, the interference dip wavelength of SI will shift
with the change of the lateral stress. A low-pass FFT filter whose threshold is 0.17 Hz is applied
to obtain the spectrum of SI. The different color lines in Fig. 6(a) represent the FFT filter result
under different lateral stress from 0 Pa to 1200 Pa. The spectrum shifts to the long-wavelength
with the increasing of the lateral stress. Figure 6(b) shows the linear fitting between the pressure
intensity and the interference dip wavelength at about 1540 nm. The slope of the fitting curve
stands for the sensitivity of wavelength with the lateral stress changes, which is 3.13 pm/Pa (also
expressed as 3.13 nm/kPa). The degree of fitting R” is 0.99034, which signifies that the sensor
responds linearly to the lateral stress change. Thus, the maximum lateral stress Py, the sensor can
detect will be calculated by: Py = FSRg1/Sp, = 7.3 nm/(3.13 pm/Pa) =2332 Pa. The minimum
lateral stress Py, the sensor can detect relates with resolution the OSA which is 0.02 nm. Upon
that, the P, can be calculated as 0.02 nm/(3.13 pm/Pa) =6.39 Pa.

Figure 6(a) displays the FFT curve of the original spectrum under different lateral stress. What
can be extracted is that the lateral stress does not influence the frequency of MI and SI.

4.2. Axial strain sensing experiment

Similar to the lateral stress sensing experiment, the light source is also an ASE, and spectrum
record equipment is also OSA. The axial strain sensing is completed by the MI part. One leg of
the MI is fixed horizontally on the three-dimensional adjustment frame by fiber clamps as shown
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Fig. 6. (a) The transmitted spectrum under different lateral stress after 0.17 Hz low pass
FFT filter; (b) The linear fitting curve between the dip wavelength at ~1540 nm and lateral
stress; (c) The A-FFT result of the transmitted spectrum under different lateral stress.

in Fig. 7. The distance between the two three-dimensional adjustment frames is 20 cm and the
space can be adjusted by the micrometer. The minimum adjustment step of the micrometer is
0.01 mm and the minimum axial strain provided by every adjustment step is 0.01 mm/20cm = 50
LE.

Fig. 7. The experiment system for axial strain sensing.

Figure 8(a)is the result of a low-pass FFT filter under 0.17 Hz at different axial strains from O to
4000 pe. The spectrum has no wavelength shift because only the axial strain of the MI is changed.
The A-FFT result of the sensor spectrum is drawn in Fig. 8(b). With the increase of the axial
strain, the frequency of the MI gradually shifts to the low frequency which indicates that the FSR
of MI becomes larger. The right peak of the MI FFT curve is chosen as the observation point.
Figure 8(c)is the linear fitting between the frequency of MI and the axial strain. The sensitivity
of the MI frequency to the change of axial strain is 1.846e™* (nm-pe)~! and the degree of fitting
R? is 0.98853. The minimum interval of the A-FFT result is 0.02 nm~! and then the minimum
axial strain S,, the sensor can detect is Sy, = (0.02 nm™1)/[1.846e~* (nm-ps)‘l] =108.34pe.

4.3. Simultaneous measurement of lateral stress and axial strain

According to the above discussion, the MI part of the sensor is sensitive to the axial strain but
insensitive to the lateral stress, while the SI part is sensitive to the lateral stress but insensitive to
the axial strain. It implies that the cascaded interference sensor could simultaneously measure
axial strain and lateral stress without cross-sensitivity. The dual-parameters sensing system is
built up to verify this hypothesis, as shown in Fig. 9. One leg of the MI is horizontally fixed on
the three-dimensional adjustment frame by fiber clamps and a length of HB-SCF is put between
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Fig. 8. (a) The transmitted spectrum under different axial strain after 0.17 Hz low pass FFT
filter; (b) The A-FFT result of the transmitted spectrum under different axial strain; (c) The
linear fitting curve between the frequency of MI and axial strain.

the platform and the acrylic plate. Then by adjusting the distance between the two fiber clamps
and changing the number of the weight on the acrylic plate at the same time to achieve the
simultaneous change of axial strain and lateral stress. According to the resolution of the OSA,
the allowable range of measurement errors for axial strain and lateral stress are +108.34 ue and
+6.39 Pa, respectively.

micrometer

Fig. 9. The experiment system for measuring the lateral stress and axial strain.

Two experiments were conducted based on this system. The first one is that change the axial
strain of the MI just one time but change the lateral stress in the range from 0 to 1000 Pa. The
result is shown in Fig. 10. The black line in the picture represents the initial state of the sensor
without any axial strain and lateral stress change and the red line is the output spectrum after
changing the axial strain of MI. The other color line is the transmitted spectrum under different
lateral stress. The change value of the axial strain can be calculated by the offset between the
A-FFT result black and red lines while the change value of the lateral stress can be calculated by
the same method in chapter 4.1. Figure 10(c) is the comparison result between the experimental
value and the standard value. The standard value of the axial strain change is 1250 pe and the
standard lateral stress change interval is 200 Pa. There are two points out of the error range and
the correct rate for simultaneous measurement is 66.67%.

Another experiment is changing the lateral stress of the SI just one time but changing the
axial strain in a wide range from O to 3000 pe. The result is shown in Fig. 11 and the correct
rate is 57.14% within the error range allowed. The two primary error sources are system error
and sensor error. The system error is primarily related to the resolution of the OSA. Improving
the resolution of the OSA can help reduce system error. The error induced by the sensor itself
could be eliminated by increasing the linearity of the sensor response which may be related to
the sensor fabrication process.
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Fig. 10. (a) The transmitted spectrum of dual-parameters sensing experiment after 0.17 Hz
low pass FFT filter; (b) The A-FFT result of the transmitted spectrum of dual-parameters
sensing experiment; (c) The comparison between the demodulation value and the actual
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Fig. 11. (a) The transmitted spectrum of dual-parameters sensing experiment after 0.17 Hz
low pass FFT filter; (b) The A-FFT result of the transmitted spectrum of dual-parameters
sensing experiment; (c) The comparison between the demodulation value and the actual
value.

Thus, the proposed sensor is capable of measuring the axial strain and lateral stress simultane-
ously. The measurement ranges are 0 to 3000 pe and 0 to 1000 Pa, respectively.

5. Discussion

The sensor published in Ref. [23] is a cascaded interferometer structure between MZI and
SI, which is also designed for simultaneous measurement of axial strain and lateral stress.
However, this sensor has cross-sensitivity between axial strain and lateral stress, resulting in the
dual-parameter sensing experiment only staying in the stage of theoretical analysis. By contrast,
the proposed sensor has no cross-sensitivity and the accuracy rate for simultaneous measurement
is 66.67%. In addition, it is easy to find that the proposed sensor is more sensitive to lateral stress
than other sensor structures from Table 1 below. Thus the proposed sensor has great potential

Table 1. The sensing performance of other sensors

Structure Strain Sensitivity Lateral stress Dual-parameters Cross Reference
Sensitivity sensing sensitivity
DPMZI-SI 5.65 pm/pe 1.28 nm/kPa - high [23]
MI-PMF - 1.93 nm/kPa - - [24]
PFBG - 1.3 nm/kPa - - [25]
SI-PMF - 1.746 pm/kPa - - [26]

SI-MI 1.846¢~*/(nm-pe) 3.13 nm/kPa 66.67% 0 This work
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application in many sensing systems, such as the health monitoring system for paralyzed, the
using status of safety belt monitoring system in the car seat, and so on.

6. Conclusions

In summary, a dual-parameter sensor for simultaneous measurement of axial strain and lateral
stress is proposed. The main part of the sensor is a cascaded interferometer structure which
consists of a MI and a SI. The common single high power fusion way is replaced by the
multi low power fusion way to obtain this structure. With the help of the A-FFT and FFT
filter, the sensor responds linearly to the axial strain and lateral stress change. The axial strain
sensitivity is 1.846e™* (nm-pe)~'and the lateral stress sensitivity is 3.13 pm/Pa. Since there is
no cross-sensitivity between the two sensing parts, the sensor could be used for dual-parameter
sensing applications. Experimental result demonstrates that the sensor can detect the variation of
axial strain and lateral stress at the same time within the range of errors permitted.
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