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Abstract

A highly sensitive temperature sensor with cascaded polarization maintaining fiber—Sagnac interferometers (PMF-SIs)
based on harmonic Vernier effect has been proposed and experimentally demonstrated. Both simulation and experiment
results indicate that the fundamental Vernier effect can be achieved through cascading two PMF-SIs with similar free
spectral ranges (FSRs) and the first-order harmonic Vernier effect can be further realized by two PMF-SIs possessing FSRs
with an approximate multiple relationship. The maximum sensitivity of the cascaded PMF-SIs based on harmonic Vernier
effect has be enhanced about 35.5 times compared with that of single PMF-SI, exhibiting a high temperature sensitivity of
— 53.3 nm/°C in the temperature measurement range from 30 to 37 °C. The temperature sensor with simple structure and

high sensitivity has a great application prospect.

1 Introduction

Temperature sensing is one of the most fundamental and sig-
nificant applications of fiber devices, which can be applied
to industrial manufacturing, biomedical science, fuel stor-
age and so on. In recent years, due to compact structure and
convenient manufacturing of optical fiber sensors, research-
ers vigorously develop optical fiber sensors for temperature
monitoring. Currently, fiber grating [1-4], hollow core fiber
(HCF) [5-8] and other specific fibers [9—13] are commonly
used materials for manufacturing optical fiber temperature
sensors. The technical requirements and rapid development
of many research fields have brought greater pressure to
the current optical fiber sensing research and proposed new
challenges. Compared with conventional optical fiber sen-
sors, there is an increasing demand for sensing structures
that can achieve higher sensitivity and resolution. However,
limited by the responsivity of the optical fiber material, the
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sensitivity of the structure can hardly raise dramatically.
Therefore, researchers are forced to find new solutions for
sensitivity-enhanced fiber optic sensors.

This issue could hopefully be solved by assembling two
structures, which, respectively, regarded as the fixed part and
the sliding part of the Vernier caliper, with slightly different
free spectral ranges (FSRs) to induce the Vernier effect. To
obtain higher sensitivity, the application of the Vernier effect
has emerged [14-20]. By comparison with a single structure,
the sensitivity of the cascaded structure can be improved
several times. In 2015, Shao et al. proposed a fiber optic tem-
perature sensor using two cascaded Sagnac interferometers,
which consisted of polarization maintaining fibers (PMFs)
with slightly different lengths. Experimental results reveal
that the temperature sensitivity is enhanced from 1.46 nm/°C
of single Sagnac configuration to 13.36 nm/°C [21]. In 2017,
Xu et al. proposed and experimentally demonstrated a tem-
perature sensor employing the Vernier effect generated from
a cascaded fiber ring-based microwave photonic filter (MPF).
The sensitivity of the cascaded fiber ring-based sensor can
be improved about 30 times compared with the single fiber
ring-based temperature sensor [22]. In 2018, Li et al. pro-
posed and achieved an optical cascaded Fabry—Perot inter-
ferometer (FPI) hydrogen sensor. The hydrogen sensitivity
is — 1.04 nm/% within the range of 0-2.4%, which is greatly
improved because of the Vernier effect [23]. In addition,
in 2018, Zhang et al. proposed a temperature sensor based
on two cascaded FPIs for ultrahigh sensitivity temperature
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sensing, which reached 67 nm/°C. In 2021, Ding et al.
enhanced the temperature sensitivity from —2.24 nm/°C of
single polarization maintaining fiber—Sagnac interferometer
(PMF-SI) to —23.68 nm/°C of cascaded configuration with
an enhancement factor of 10.6.

The above mentioned works are all based on the funda-
mental optical Vernier effect. In 2019, Gomes et al. proposed
the concept of harmonic Vernier effect for the first time [24].
By comparison to the previous method, the FSRs of the two
structures are not required to be close. At the same time,
as the order of harmonics increases, the sensitivity ampli-
fication factor also increases by multiple times, making it
feasible to break through the limitations of the traditional
fundamental Vernier effect. In 2020, Gomes et al. utilized
hollow microsphere and a section of fiber as two FPIs to
generate the optical Vernier effect. This effect generates
higher magnification factors, proportional to the order of
the harmonics [25]. Recently, Yang et al. proposed a simple
gas pressure sensor by fusion splicing two hollow silica cap-
illaries as FPIs. By properly adjusting the length of the silica
capillaries, harmonic of optical Vernier effect is observed.
The results showed a sensitivity of 80.8 pm/kPa from 1 to
101 kPa with good linearity of 99.7% [26]. Nevertheless,
FPIs possess extremely poor temperature sensitivity owing
to the air cavity structure. Moreover, FPIs have relatively
fine requirements for the cavity length, which is generally in
the order of micrometers. The control of the length is strict
and the operation is more troublesome.

In this paper, we combine a simple temperature sensing
structure with an optical sensitivity magnification, through
the harmonics of the Vernier effect. Both theoretical and
experimental consequences have verified the harmonic opti-
cal Vernier effect, and the influence of the FSR’s difference
on the magnification factor has also been investigated. The
highest sensitivity of — 53.3 nm/°C of the proposed sensor
consisting of cascaded PMF-SIs, in temperature measure-
ment range from 30 to 37 °C, 35.5 times sensitivity enhance-
ment in comparison with single PMF-SI, has been reached.

2 Theory and simulation

Considering the case of single PMF-SI, the light splits into
two beams passing after through the 3 dB coupler. When two
beams pass through the PMF, the birefringence effect of the
PMF will cause the optical path difference of the two beams.
When they meet again at the 3 dB coupler, the optical path
difference can lead to interference phenomenon. Further-
more, the FSR of single PMF-SI can be conjectured as

FSR = A%/BL (1)
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where L is the effective length of the tapered part, and
4 is the central wavelength of the light source. B repre-
sents the refractive index difference of slow and fast axes
(B = ngy, = ngy), which is a fixed value 3.5 x 107 for
our used PMF (Nufern PM1550-XP). From the formula, it
can be seen that L is inversely proportional to FSR. When
the length of PMF is longer, FSR is smaller. Then we con-
sider the two cascaded PMF-SIs as sensing and reference
PMF-SIs, respectively, whose FSRs (FSR, and FSR,) are
expressed as

e 22
FSR, = —, FSR, = — 2)
BL, BL,
When the FSRs of the two interfer-
ometers satisfy the Vernier condition:

FSR, =(i+1)-FSR, + AFSR, i=0, 1, 2..,AFSR s the
difference between FSR, and FSR,, the cascaded structure
can bring the optical Vernier effect. It is the fundamental
Vernier effect when i = 0. In other cases, it is the harmonic
Vernier effect, and i represents the order of harmonics.
When the transmission peaks of the two periodic comb spec-
tra coincide, the maximum transmittance can be obtained.
Since AFSR is small, the transmission peaks will overlap
again after several orders of magnitude, resulting in peri-
odic envelopes in the spectra after the cascade. The FSR of
the upper envelope of the cascaded PMF-SIs sensor can be
deduced as [24]

. FSR, - FSR,
FSR! love = 3)
envelope |FSRl -+ l)FSR2|

Different from the fundamental optical Vernier effect, we
regard the period of the inner envelope (FSRc) as the FSR
of the cascade structure when the sensor operates under the
harmonic Vernier effect. The FSR is related to the order of
harmonics [21], which can be expressed as

(i + 1)FSR, - FSR,
|FSR, — (i + 1)FSR,| @)

FSR!, =

The slight drift of the sensing PMF-SI spectrum will
cause the position of the previously aligned transmission
peak to change greatly, thereby changing the spectrum of
the cascade structure. Under the influence of the fundamen-
tal Vernier effect, the offset of the cascaded structure will
be several times larger than that of a single structure. The
magnification factor is [16]

F (C)HVC ope FSR
MO = fope _ 2 5)
FSR, [FSR, — FSR,|

While for the harmonic Vernier effect, the magnification
is not only related to the FSRs of the two PMFs, but also
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related to the order. The magnification factor based on the
harmonics of the optical Vernier effect is
. FSR. (i + DFSR,
FSR,  |FSR; — (i + 1)FSR,|

(6)

Itis i+ 1 times the sensitivity with fundamental harmonic
Vernier effect. To verify the theory, the fundamental and the
first harmonic Vernier effects have been simulated. For the
fundamental Vernier effect, set
FSR;, =26.8 nm, FSR,=284nm, in this case,
i =0, AFSR = 1.6 nm. According to the theoretical analy-
sis and Eq. (3), the theoretical FSR(e)nvelOpe is about 476 nm.
For the first harmonic Vernier effect, set
FSR, =26.8 nm, FSR, =142nm, in this case,
i=1, AFSR = 1.6 nm. According to the theoretical analy-
sis and Eq. (4), the theoretical FSR! is about 238 nm

envelope
and FSR; is about 476 nm. The simulated transmission spec-
tra obtained are shown in Fig. 1.

To investigate the effect of the AFSR on FSR;, FSRl is
kept constant 26.8 nm and FSR, is increased, resulting in the
expanding AFSR. With the FSR, increased from 13.8 nm to
14.2 nm and 14.9 nm, the corresponding AFSR is increased

Fig.1 Simulated transmission (a) 10

from 0.8 nm to 1.6 nm and 3 nm, the transmission spectra
of the cascaded structures are shown in Fig. 2. It can be
seen that the simulation result is consistent with that of the
theoretical results, and the conclusion is that the smaller the
AFSR, the larger the FSRi, and similarly, the corresponding
magnification factor of M’ will be larger.

3 Experiment and results

The experimental setup for temperature measurement is
schematically depicted in Fig. 3. A broadband source (BBS)
with wavelength range from 1250 to 1650 nm is adopted as
light source of the sensing schemes. A column oven is used
to change the ambient temperature. As the temperature of
oven changes from 30 to 38 °C with a step size of 1 °C, the
spectrum measurement is illustrated and saved via an optical
spectrum analyzer (OSA) individually. For Vernier-based
configuration, only one of PMF-SIs is placed in the oven,
the other PMF-SI acts as a reference at room temperature.
According to the experimental setup diagram, the temper-
ature sensitivity of the single PMF-SI-based sensor is first
investigated. The PMF length of sensing PMF-SI is about
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Fig.2 Transmission spectra of the cascaded structures with different FSR2 (red line is the upper envelope, and orange line is the inner upper

envelope)
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25.5 cm, and the FSR is 26.88 nm, as shown in Fig. 4a. The
spectrum has a blue shift when the temperature increases. As
it can be seen from the linear fitting red curve in Fig. 4b, the
temperature sensitivity of the single PMF-SI-based sensor,
is — 1.5 nm/C with R-square of 0.99945.

In the experiment based on the fundamental optical Ver-
nier effect, the PMF length of the two PMF-SIs is required
to be close. The sensing PMF-SI is the same one as the
single PMF-SI sensor, with PMF length of about 25.5 cm
and the FSR of 26.88 nm. Thus, the length of the reference

Fig.3 Experiment setup of |
temperature measurement

Reference PMF |
|
1

PMF is chosen to be 24 cm. As shown in Fig. 5a, the FSR of
the reference PMF-SI is 28.5 nm. The reference PMF-SI is
exposed in air to maintain room temperature and the sensing
PME-SI is placed in oven to monitor the changing tempera-
ture. As indicated in Fig. 5b, the dip of the upper envelope
is regarded as the reference point. The upper envelope is
denoted by a red line, and the reference point is represented
by an arrow. Similarly, as the temperature gradually rises
from 30 to 38 °C with a step size of 1 'C, the arrowed point
drifts to the left. From the red fitting curve in Fig. Sc, it can
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Fig.5 a Transmission spectrum of the reference PMF-SI, b transmission spectra with temperature rises (red line is the fitted upper envelope), ¢
linear fitting of wavelength shift versus temperature for the cascaded PMF-SIs based on fundamental optical Vernier effect
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be known that the temperature sensitivity of the sensor based
on fundamental optical Vernier effect is — 24.1 nm/°C.
Apparently, the sensitivity of the cascaded PMF-SI-based
sensor is much higher than that of a single PMF-SI-based
sensor, exhibiting a sensitivity enhancement factor of 16.1.

To explore the temperature sensitivity of the sensor
based on harmonic optical Vernier effect and the influence
of AFSR on the experimental results, we fabricated three ref-
erence PMF-SI samples (samples 1-3) with different length,
which is increased from 46 to 50 cm. The corresponding
FSRs of the three reference PMF-SIs are 14.9 nm, 14.2 nm
and 13.8 nm, respectively, as shown in Fig. 6. The AFSR are
2.9 nm, 1.5 nm and 0.7 nm, respectively.

The reference PMF-SIs were, respectively, cascaded
with the sensing structure, and the superimposed spectra
are observed, as shown in Fig. 7a. By fitting the inner upper
envelope of the three spectra, it can be seen that the larger the
AFSR, the smaller the FSR;, and the FSRl of proposed sen-
sor with sample 3 is the biggest. When the temperature of the
column oven increases, the three spectra appear blue shift,
which is dependent upon the AFSR. As depicted in Fig. 7b,

the temperature sensitivity of the cascaded PMF-SI-based
sensors with three samples, are — 15.5 nm/°C, — 27.9 nm/°’C
and — 53.3 nm/C, respectively. In contrast, temperature
sensitivity of single PMF-SI is — 1.5 nm/°C. Distinctly, the
sensitivity of the cascaded PMF-SI-based sensor is much
higher than that of a single PMF-SI-based sensor, exhib-
iting a maximum sensitivity enhancement factor of 35.5.
Noted that this technology can be used for any temperature
detection, although highly sensitive detection was achieved
only in the temperature range of 30-37 °C in this work.
Due to the large FSR of the interference spectral envelope
wave generated by the sensing device based on the harmonic
Vernier effect, the temperature range that can be monitored
is limited. Since when the wavelength drift is too large, the
available wavelength range of the broadband light source or
the measurable wavelength range of the optical spectrum
analyzer will be exceeded. Moreover, the sensor has a high
resolution determined by the resolution of the spectrometer
used for demodulation.

The proposed sensor consisting of two PMF-SIs, is rather
easy to implement, not involving any expensive equipment
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Table 1 Comparison between the proposed sensor and the reported
works

Structure Sensitivity (nm/°C) References
Cascaded PMF-SIs —43 [27]
Cascaded PMF-SIs —23.68 [28]
Cascaded PMF-SIs 3.66 nm [29]
Cascaded PMF-SI and MZI 20.86 [30]
Cascaded PMF-SIs —53.3 This work

or complex procedures, but features high sensitivity and low-
cost. To highlight the advantages of the proposed sensor, it
is essential to give some comparisons between the proposed
sensor and several representative works employed Vernier
effect of cascaded PMF-SIs, as shown in Table 1. It can be
seen from Table 1 that the temperature sensitivity of our
proposed sensor with the first order optical Vernier effect
is comparatively high (up to — 53.3 nm/°C) without adding
any structural complexity, which is more than 2 times that
of the cascaded PMF-SIs sensor based on the fundamental
optical Vernier effect.

4 Conclusions

A sensitivity enhanced temperature sensor with PMF-SIs
based on the Vernier effect has been proposed and dem-
onstrated in this paper. Though exploring the fundamental
and the first harmonic Vernier effects through both simula-
tions and experiments, results confirmed that the smaller the
AFSR, the larger the FSRi, and similarly, the corresponding
magnification factor of FSR| will be larger. The proposed
temperature sensor exhibits — 53.3 nm/°C of sensitivity in
the temperature measurement range of 30-37 °C, with 35.5
times sensitivity enhancement. The proposed sensor with
high sensitivity, easy fabrication and low cost has poten-
tial applications that need precise and remote temperature
control, such as lasers, biochemical engineering, medical
treatment, and nuclear test.
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