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This Letter shows the Vernier effect based on two segments of PANDA polarization maintaining fiber (PMF),
whose lengths are 28 and 23 cm, respectively. The two PMF's are spliced together, and the angle between the fast
axes is set to 45°. This cascaded PMF is inserted in a Sagnac loop to form an interferometer that can generate the
Vernier effect. The spectrum consists of finesse fringe and envelope and realizes simultaneous measurement of
strain and temperature. The envelope can provide strain and temperature sensitivities of 58.0 pm/pe and
—1.05 nm/°C. The finesse fringe provides sensitivities of 5.9 pm/pe and —1.36 nm/°C.
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Fiber optic strain sensors are important candidates for
structural health monitoring and distributed sensing
applicationst2. Compared with traditional strain sensing
methods, fiber optic sensing has a lot of distinctive
advantages, such as compact size, simplicity of fabrica-
tion, immunity to electromagnetic interference, and high
resolution?. To date, many different kinds of fiber devices
have been proposed for strain sensing, such as the fiber
grating and fiber interferometer. For fiber grating strain
sensors, a fiber Bragg grating (FBG)Y and a long period
grating (LPG)Y are both potential sensing elements and
have been widely studied. These sensors are easy to
fabricate but suffer from low strain sensitivities. The
typical strain sensitivity is only 1.2 pm/pe for an FBG
and 7.6 pm/pe for an LPG. For the other type, interfero-
metric fiber sensors show higher sensitivity but usually
have a relatively complicated manufacturing process?.
Besides, the Vernier effect is a method that can sharply
improve the sensitivity¥, but the sensor based on the Ver-
nier effect usually needs two independent interferometers
and has a complicated structure.

A common problem for the sensors mentioned above is
that the strain sensing will be disturbed by temperature.
To overcome this problem, multi-parameter simultaneous
measurement sensors based on the matrix method become
an attractive solution. An alternative way is to design an
interferometer based on multimode interferenceZ¥. This
method realizes multi-parameter simultaneous sensing
using the difference of diverse modes. But, this kind of
sensor is limited by low repeatability. Another way is
to cascade two independent fiber devices with different
sensitivities?. But, this method still faces the challenge
of complicated structure and high cost.

1671-7694,/2019/080601(5)

080601-1

In this Letter, a Sagnac interferometer based on a
cascaded PANDA polarization maintaining fiber (PMF,
YOEC, 125 pm) is demonstrated for simultaneous mea-
surement of temperature and strain. Since the two PMF's
introduce different optical path differences, the spectrum
of this structure will contain different frequency compo-
nents. Through theoretical calculating, it is found that
the different frequency can generate the Vernier effect.
In the experiment, a theoretically compliant spectrum is
obtained. This Vernier spectrum is composed of finesse
fringe and an envelope. The envelope and finesse fringe
show strain sensitivity of 58.0 and 5.9 pm/pe, respec-
tively. The temperature sensitivities are —1.05 and
—1.36 nm/°C. Using the coefficient matrix, simultaneous
measurement is realized. This sensor is simple and easy to
fabricate with good repeatability and low cost. So, it is a
suitable candidate for engineering applications.

Figure 1 illustrates the schematic diagram of the proposed
sensor. It contains a 3 dB optical coupler (OC) with a con-
ventional single-mode fiber, a polarization controller (PC),
and two segments of PANDA PMF, whose lengths are 28
and 23 cm, respectively. The birefringence of the PMF is
0.0006. The two segments of PMF are spliced together by
a special fusion splicer (Fujikura, FSM-100 P+). Using this
splicer, the end face of the PMF can be observed in the splic-
ing process. The sectional view of the splicing point is shown
in Fig. 1. Thus, it can be ensured that the angle between the
fast axes of the two PMFs is 45°. The 3 dB coupler splits the
input light into two waves propagating in the reverse direc-
tion. After traveling the loop, light recombines at the cou-
pler and forms the output light. The transmission spectrum
of this device can be obtained using the Jones matrix. For
this fiber device, the output light can be described as
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Fig. 1. Schematic diagram of the sensor.
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Here, E;, Einyy Eoute, and Eqy, represent the electric inten-
sity in different polarization states for input and output
light. @ and g are the rotation angles that can be adjusted
by the PC. R(a) and R(f) describe the polarization rotation
angle of the polarization axis on the splicing point, which
can be expressed as

—sinz cosx

Al ( cos @ sinx). @)

Mcw is the Jones matrix that describes the two spliced
PMFs when light moves clockwise along the Sagnac loop.
Mccw is the matrix when light moves counterclockwise.
They have the forms
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where 0 is the angle between the fast axes of two PMFs, and
@1 =2nBL /A, ¢y =2nBL,/1 are the phase differences
caused by two PMFs, respectively. In these formulas, 4 is
the wavelength, L;, Ly are the lengths of two PMF's, and
B is the birefringence of the PMF. By combining the equa-
tions above, the transmission function of this structure can
be obtained:

— |Eoutar,|2 + |Eouty|2
|E'inav|2 + |lginy|2

T

= {sin(a + f) cos 0 cos [M}

+ cos(a + ) sin 6 COS[M} }2. (5)

This formula shows that the structure has potential for
the Vernier effect. When parameters are suitable, the
transmission spectrum will be composed of the finesse
spectrum decided by cos[zB(L; + Ly)/4] and the
envelope decided by cos[zB(L; — Ly)/4]. To generate the
Vernier effect, the length of PMF1 should be set close to
PMF2, and 6 determines the weight of two frequency
components. As mentioned above, the parameters in the
experiment are designed as L; =28 cm, L, =23 cm,
B =0.0006, and 6 =45°. In the following simulation,
tan(a + B) is set as 0.5, and other parameters are set
to be the same as the actual experiment situation. The
simulation and experiment spectra are shown in Fig. 2.
It can be seen that the contrast of the experiment spec-
trum decreases with decreasing wavelength. The variation
of contrast is caused by a coupler. In such a large wave-
length range, the coupling ratio moves away from 1:1 and
the contrast decreases. Apart from this point, the two
spectra contain familiar finesse fringes and envelopes,
whose free spectral ranges (FSRs) are about 16 and 80 nm.
The two FSRs match well with the calculation. Thus, it
can be concluded that the experiment is in good agreement
with the theory.

For the proposed sensor that is based on cascaded PMF,
strain is applied on one PMF, and temperature change is
applied on two PMFs in the sensing process. With the
variation of temperature or strain, the envelope and finesse
fringe will both shift. As discussed above, the peaks of the
envelope are decided by cos[zB(L; — L,)/4], and the peaks
of the finesse fringe are decided by cos[zB(L; + L,)/A].
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Fig. 2. Experiment and simulation spectra of the proposed
Sensor.
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So, by analyzing these two formulas, the spectrum shift can
be calculated.

In order to calculate the sensitivities of the two PMF-
based sensors, the inherent character of the PMF should
be studied. For a single PMF-based Sagnac interferom-
eter, the spectrum will have a shift when the strain or tem-
perature changes. This shift is directly proportional to
strain and temperature differences but has nothing to
do with the length of the PMF2, So, a formula for strain
sensitivity is obtained:

AL.B+ LAB,
(3 + é:K

Al =12
€ BL &

- Ae, (6)

and a formula for temperature sensitivity can be
expressed as

ALyB+ LABy

Adp =1
T BL

where L is the length of the PMF, A4, is the wavelength
shift caused by strain, AB, is the variation of birefringence
of the PMF caused by strain, AL, is the length change of
the PMF, Ae is the change of strain, and K, is the strain
sensitivity of sensors based on a single PMF. Besides, Alr,
AByp, ALy, AT, and K are the parameters related to
temperature change.

Based on the sensitivities of a single PMF, the sensitiv-
ities of a cascaded PMF can be calculated. For the cas-
caded PMF, part of PMF1 whose length is L is used to
sense strain. The envelope shift caused by strain can be
expressed as

ALyB + LyAB,

Al p =41
o B(Ly — Ly)

- KE,E : A87 (8)

where A/, p is the wavelength shift, AL, is the length
change of the sensing PMF, and K, j is the strain sensi-
tivity of the envelope. Compared with Eq. (6), it can be
found that the envelope is more sensitive than the spec-
trum of a single PMF when [ is large enough. The
sensitivity is shown as

bk (9)
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The amplification factor M of the Vernier effect is ex-
pressed as

Ly

M = .
Ly — Ly

(10)

The strain sensitivity of the finesse fringe, and temper-
ature sensitivity of the envelope and finesse fringe can also
be obtained in the same way. They are expressed as
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As can be seen in the four formulas, the sensitivities of
the proposed sensor are decided by the length of PMF and
the inherent sensitivities of the PMF. Compared with the
single PMF-based interferometer, the envelope’s sensitiv-
ity is amplified, and the finesse fringe’s sensitivity is
reduced for strain sensing. As for temperature sensing,
the envelope and finesse fringe have the same sensitivity
with the single PMF-based interferometer. The envelope
and finesse fringe have different reactions when they face
the change in strain and temperature. This feature has the
potential to realize simultaneous measurement of strain
and temperature. The shifts can be given by the coefficient

matrix,
AAE . K&',E KT,E Ae (14)
Alp| | Kep Kpp||[AT)

where Al and Ay are the measured shifts of the envelope
and finesse fringe.

To demonstrate the actual performance of the proposed
sensor, a strain and temperature measurement experiment
has been conducted. Besides, for comparison, a sensing ex-
periment based on a single PMF Sagnac interferometer
was also performed.

The schematic diagram of the experiment setup for
strain sensing is shown in Fig. 3. To obtain the real-time
transmission spectrum of the fiber device, an optical spec-
trum analyzer (OSA, Yokogawa AQ6370c) and a broad-
band light source (BBS) are employed in experiment. T'wo
translational stages are used to apply strain on the fiber.
In the experiment, the sensing PMF is fixed on the stage
by fiber holders, and the original interval between two
stages is Ly. The distance of two translational stages
can be adjusted at a step of 10 pm. In addition, temper-
ature measurement is realized by using a thermal electric
cooler (TEC) whose temperature resolution is 0.1°C.

Firstly, a temperature and strain sensing experiment
based on a single PMF Sagnac interferometer was

PC

Fig. 3. Schematic of the experimental setup for strain
measurement.
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Fig. 4. Experiment results for a single PMF Sagnac interferom-

eter with (a) the spectrum variation with strain increasing,

(b) the spectrum variation with temperature increasing,

(c) dip shift with strain variation, and (d) dip shift with temper-

ature variation.

conducted. The spectra of the strain and temperature
measurements are shown in Figs. 4(a) and 4(b). It is clear
that the spectrum shifts to longer wavelengths when strain
increases, and the spectrum shifts to shorter wavelengths
when the temperature increases. Then, a certain dip is
traced to represent the shift. The variations of the traced
dip are shown in Figs. 4(c) and 4(d). Using linear fitting,
the strain and temperature sensitivities of the PMF can be
achieved at 20 pm/pe and —1.38 nm/°C.

Then, the experiment for two PMF-based Sagnac
interferometers was performed. One of the PMFs is put
on a translational stage to measure strain. The length
Ly is 12.5 cm, and the minimum step of the translational
stage is 10 pm, correspondingly applied at 80 pe at one
time. Strain is applied from 0 to 1440 pe. The transmission
spectra for 0 pe are shown in Fig. 5(a). The envelope is
indicated as the red line.

Here, the finesse fringe shift can be achieved by tracing a
random peak of the spectrum. But, for the envelope, the
envelope peaks cannot be read directly from the modu-
lated transmission spectrum. Therefore, a curve fitting
method is used to recognize the envelope peaks®2, In this
method, the first step is to select a section of the spectrum
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Fig. 5. (a) The experiment spectrum and the envelope of it.
(b) The variation of the fitted envelope with increasing strain.

that contains an envelope peak. Then, by employing the
Gauss function fitting, the envelope curve is recognized.
Finally, the relatively accurate envelope peak can be cal-
culated. The fitted envelopes in different strains are shown
in Fig. 5(b). It clearly shows that the envelopes shift to
longer wavelengths with the increasing strain. For conven-
ience, the envelope peak is named peakl, and the finesse
fringe peak is named peak2. The relationship between the
strain and wavelength shifts is shown in Fig. 6. After linear
fitting, the strain sensitivities for peakl and peak2 are ob-
tained as 58.0 and 5.9 pm/pe. Consistent with theoretical
analysis, there is a big difference in these two sensitivities.
As shown in a previous experiment, the strain sensitivity
of the single PMF is 20 pm/pe. The actual amplification
factor M of the Vernier effect is 2.9. According to Eqgs. (9)-
(11), the experiment results basically agree with the theo-
retical calculations. However, there still exists some error
that cannot be ignored, which may be caused by the in-
accuracy of the fiber length.

The temperature performance of the proposed structure
is also demonstrated in the experiment. In the measuring
process, both PMFs are placed on the TEC. Then, two
segments of the PMF are heated from 20°C to 80°C at
steps of 5°C. After getting the spectrum at different tem-
peratures, the shifts of peakl and peak2 can be obtained in
the same way as the strain sensing experiment. The rela-
tionship between the temperature and wavelength of the
peaks is shown in Fig. 7. Here, it is clear that the two peaks
both shift to a shorter wavelength when the temperature
increases. Using linear fitting, temperature sensitivities
of peakl and peak2 are calculated to be —1.05 and
—1.36 nm/°C. As shown in a previous experiment, the
temperature sensitivity of a single PMF is —1.38 nm/°C.
The difference between these three sensitivities is small,
which is consistent with Eqgs. (12) and (13). So, the experi-
ment is in good agreement with the theoretical calculation.

Based on the strain and temperature sensitivities
obtained in the experiment, simultaneous measurement
can be realized based on Eq. (14). In this study, K, g, K, g,
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Fig. 6. Relationship between the wavelength and strain for the
proposed sensor.
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Fig. 7. Relationship between the wavelength and temperature
for the proposed sensor.

K1 p,and K ¢ p are 58.0 pm/pe, 5.9 pm/pe, —1.05 nm/°C,
and —1.36 nm/°C, respectively. Strain and temperature
can be calculated as

)5 ]
AT K.r Krp Adp |

In conclusion, a novel Sagnac fiber interferometer is pro-
posed and demonstrated to realize simultaneous measure-
ment of strain and temperature. This interferometer is
based on a cascaded PMF and can generate the Vernier
effect in such a simple structure. The experiment shows
that the strain sensitivities are 58.0 and 5.9 pm/pe for

the envelope and finesse fringe in the range of 0 to
1440 pe. In the meantime, temperature can be sensed with

sensitivities of —1.05 and —1.36 nm/°C for the envelope
and finesse fringe in the range of 20°C to 80°C. This sensor
has a simple structure that is easy to fabricate with high
repeatability and low cost. Therefore, it may be a suitable
candidate for practical engineering applications.
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