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Abstract Optical fiber cascaded Fabry—Perot interferometers temperature sensors
based on Vernier effect are studied in detail by theoretical simulation. The simulation
results show that the free spectrum range (FSR) difference of the two Fabry—Perot
interferometers affects the temperature sensitivity. When the value of the FSR differ-
ence is positive, the temperature sensitivity is positive too. Otherwise, the temperature
sensitivity is negative. Furthermore, the temperature sensitivity of the Fabry—Perot
interferometer sensors based on Vernier effect is higher with the FSR difference
smaller. Therefore, we propose a method for controlling the sensitivity of the Fabry—
Perot interferometer sensors based on Vernier effect by adjusting the difference of
the two FSR.

Keywords Cascaded Fabry—Perot interferometers + Vernier effect - Temperature
sensitivity + Free spectrum range difference

1 Introduction

Fabry—Perot interferometer (FPI) is universally developed and employed in pressure
sensing [1, 2], strain sensing [3], temperature sensing [2], hydrogen sensing [4] and
refractive index sensing [5, 6] field own to good performance as well as simple in
construct. Recent years, optical Vernier effect has been attracted great interesting
because which can improve sensitivity greatly [7, 8]. Especially FPI sensors based
on Vernier effect are fabricated and applied to the enlargement of sensing sensitivity
universally [4, 9, 10]. However, we notice that the temperature sensitivity of the
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FPI sensors based on Vernier effect has different characteristics. Sometimes, the
sensitivity of the FPI sensor based on Vernier effect is positive, and sometimes that
is negative. Moreover, the values of the sensitivity are various from the length of
the FPIs’ cavities. Almost no one has found it and made a clear explanation for the
phenomenon.

In this paper, optical fiber cascaded Fabry—Perot interferometers (CFPIs) sensors
based on Vernier effect are studied by simulation. Results indicate that Vernier effect
appears in the CFPIs sensors with the length of the HCF and the caudal SMF propor-
tional. Free spectrum range (FSR) difference between the HCF cavity and the caudal
SMF cavity determines whether the sensitivity is positive or negative. Moreover,
temperature sensitivity can be enlarged by reducing the FSR difference, which has
a significant guiding role on improving the sensor’s sensitivity.

2 Sensor Structure and Operate Principle

The CFPIs sensors are fabricated by splicing a segment of HCF between the lead-in
SMF and a section of the caudal SMF, as shown in Fig. 1. There are three reflectors
in this sensor, namely mirrorl (M), mirror2 (M,) and mirror3 (M3), respectively.
These three mirrors divide the configuration to two mainly FPIs. FPI1 is formed by
M and M,, whose length marked as L;. And FPI2 is formed by M, and M5 and the
length of it marked as L,. Obviously, these two FPIs are cascaded.

We suppose the reflection coefficient of M|, M, and M3 is R, R, and R3. n; and
n, are the effective refractive index of medium in FPI1 and FPI2, correspondingly.
When the light propagates to FPI1 and FPI2, the reflection spectra gathered in the
lead-in SMF detected are calculated as follows [6]:

E
I, = ( > =M+ N+ C +2VMC cos(2(g1 + ¢2))

in
+ 2 M N cos(2¢p1) + 24/ NCcos(2¢3) (1)
where Ein and Er are the input electric field and reflected field, respectively

.M =R |, N = (1 — R))*R,, @1 = 2w Ly/. ¢, is the phase deviation produced
by the FPI1. Wavelength of lightis A. P = (1 — R|)R,, O = (1 — RDR2(1 — 2)3,

Fig. 1 Schematic configuration of the present CFPIs optical sensor
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@2 = 2mnyLo/A. o is the phase deviation produced by the FPI2. Where C = (1 —
R1)?(1 — R»)*R5. FSR of the FPI1 and the FPI2 are calculated as [11]

A2
FSR, = L (2)
2
FSR, = miLs 3)
For convenience, D is defined as the difference between FSR1 and FSR2.
= FSR; — FSR, 4)

In simulation, we set the length of the air cavity and the quartz cavity properly
to guarantee D very small, which will produce a Vernier effect. The temperature
sensitivity of the envelop is calculated as [4]

aL, 1 ony 1 FSR;
S =A — e 5
T—envelop = N( oT L, a7 n2>FSR1 — FSR, )
where N is the resonant order belonging to integer. aa# i is the thermal expansion

coefficient of the HCF, namely the thermal expansion coefficient of the quartz. So
Ly 1 _ Ly 1 9m 1 3my 1 _opti i i

a_TlL_] = 5= I, o7 ol o o, are the thermo-optical coefficient of the air and the
quartz.

3 Simulation and Result

In simulation, we setn; = 1, n, = 1.44.Ry = R, = R; = 0.18. aaLT‘ Ll] = %le =
55 % 1077/°C, L = —5.6 x 1077/°C, ¥2.L = 55 x 107°/°C. Firstly, we

simulate the spectral characteristics of CFPIs sensors under the condition that D < 0
and temperature at 20 and 100 °C.

Figure 2 shows the interference spectra of the CFPIs temperature sensors with
D < 0. Red curves represent the interference spectra at 20 °C. Blue curves show
the interference spectra at 100 °C. Figure 2a shows the interference spectra when D
is 0.0119 nm. The FSR of the interference spectra envelops is ~126 nm. Figure 2b
shows the interference spectra when D is 0.0381 nm. The FSR of these envelops
is ~39.65 nm. With temperature varying from 20 to 100 °C, because of thermal
expansion effect and thermo-optic effect, the interference spectrum in Fig. 2a, b
shifts to longer wavelength about 78 nm and 25 nm, respectively.

Figure 3 shows the relationship between the wavelength and temperature within
the CFPIs sensors with D > (. Figure 3a, b are matched with Fig. 2a, b, respectively.
The sensitivity of which are 0.945 nm/°C and 0.295 nm/°C, respectively. Obviously,
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Fig. 2 Interference spectra of the CFPIs temperature sensors with D > 0. a L1 = 800 wm, L2 =
560 pm, D = 0.0119 nm, b L1 = 800 wm, L2 = 570 pm, D = 0.0381 nm
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Fig.3 Relationship between the wavelength and temperature within the CFPIs temperature sensors
with D>0.a L1 =800 um, L2 = 560 pm, D = 0.0119 nm, b L1 = 800 pm, L2 = 570 pm, D =
0.0381 nm

the temperature sensitivity of the sensor where D is small is larger than that D is
higher. Then, we simulate the spectral characteristics of the CFPIs sensors under the
condition that D > 0 and temperature at 20 and 100 °C.

Figure 4 shows the interference spectra of the CFPIs temperature sensors
with D < 0. Red curves represent the interference spectra at 20 °C. Blue curves
show the interference spectra at 100 °C. Figure 4a shows the interference spectra
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Fig. 4 Interference spectra of the CFPIs temperature sensors with D < 0. a L1 = 800 wm, L2 =
550 pm, D = —0.0151 nm, b L1 = 800 pm, L2 = 540 pm, D = —0.0433 nm
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when D is —0.0151 nm. Figure 2b shows the interference spectra when D is —
0.0433 nm. With temperature varying from 20 to 100 °C, the interference spectra in
Fig. 4a, b shift to shorter wavelength about 64 nm and 22 nm, respectively.

Figure 5 shows the relationship between the wavelength and temperature within
the CFPIs sensors with D < 0. Figure 5a, b are matched with Fig. 4a, b, respectively.
The temperature sensitivities of them are —986 pm/°C and —0.26 pm/°C. The linear

fitting coefficients are up to 0.972 and 0.970, respectively.

As shown in Fig. 6, temperature sensitivity improves with |DI decreasing. Besides,
we can get that when D > 0, the temperature sensitivity is positive; moreover, the
temperature sensitivity will be negative when D < 0. So a method for controlling
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Fig.5 Relationship between the wavelength and temperature within the CFPIs temperature sensors
with D <0.a L1 =800 um, L2 =560 pm, D =0.0119 nm. b L1 = 800 pm, L2 = 570 pum, D =

0.0381 nm
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Fig. 6 Relationship between the temperature sensitivity and D value
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sensitivity of FPI sensors based on Vernier effect is proposed: adjusting the length
of the HCF and the caudal SMF to get higher sensing sensitivity.

4 Conclusion

In this paper, we propose a method for controlling the sensitivity of FPI sensors based
on Vernier effect. We specially simulate the CFPIs sensors consist of a segment of
hollow core fiber (HCF) sandwiched between the lead-in SMF and a section of caudal
SMF. Simulation results show that the sensitivity has direct relationship with D. The
interference spectra drift toward longer wavelength and sensitivity are positive when
D > 0. Conversely, the interference spectra drift in the direction of shorter wavelength
and the sensitivity are negative when D < 0. Besides, sensitivity increases with the
reduction of |IDI. Therefore, the sensitivity of FPI sensors based on Vernier effect
can be controlled by adjusting the length of HCF and SMF, which has a significant
guiding role on improving the sensor’s sensitivity.
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