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Abstract A fiber-optic displacement sensor based on Fabry–Pérot interferometer (FPI)

with high sensitivity is investigated in both numerical simulation and experiment. The end

faces of two fiber tips are applied as the mirrors to compose the Fabry–Pérot cavity (FPC).

The variable lengths of the FPC will introduce different fringe spacings (FS) of the FPI

transmission spectrum. With respect to this characteristic, the micro-displacement can be

sensed by the FS of the transmission spectrum. Maximum sensitivity of 56.6 nm/lm,

which is much higher than the previous fiber sensors, has been achieved experimentally.

Due to the advantages of extremely simple configuration and manufacturing operation, the

sensor is significantly beneficial to practical application.

Keywords Fiber-optic sensor � Displacement sensor � Fabry–Pérot interferometer

1 Introduction

Fiber-optic sensors have been widely demonstrated and applied for several decades attri-

bute to their advantages of high accuracy, light weight, low cost, compact configuration,

resistance to corrosion and anti-electromagnetic interference. They can be used to detect

almost any parameters, such as refractive index, strain, temperature, acceleration, angle,

bending radian, displacement/distance, humidity, liquid level and so on. Among them, high

precision displacement fiber sensors play the most important roles in modern processing

industry. Several fiber-optic methods have been applied to displacement measurement,

mainly including intensity-based sensors and interferometric sensors. Intensity-based

sensors (Kuang et al. 2010; Shan et al. 2014; Tang et al. 2014) are almost the first types of
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fiber displacement measurement systems which have been used for commercial purpose for

more than 40 years. These types of sensors, which consist of the optical sources and

detectors, commonly transmit the light from the source to the object and then to the

detector via fibers. Although such sensors have the advantages of simple configuration and

low price, they suffer from the disadvantages of low sensitivity and poor stability. Com-

paratively, the interferometric sensors are more stable and sensitive than the intensity-

based sensors, especially for displacement and distance detecting. Many kinds of fiber

interferometers have been reported in the literatures, such as Mach–Zehnder interferometer

(Wen et al. 2014; Xu et al. 2014), Michelson interferometer (MI) (Rong et al. 2013;

Cheymol et al. 2014), Sagnac interferometer (SI) (Bravo et al. 2012), and Fabry–Pérot

interferometer (FPI) (Li et al. 2015; Xiong et al. 2014). Specifically, the in-line Mach–

Zehnder interferometer (MZI) is a common structure whose optical splitter and combiner

are acted by two separated components. However, the two components are difficult to be

fabricated with the concordant structure parameter, which will lead to unforeseeable

transmission spectrum. On the other hand, due to the influence of two separated arms, the

MZI which is composed of two cascaded fiber couplers is instable when it comes to

external temperature fluctuation or mechanical vibration. MI, whose configuration is

similar to MZI, has to confront with the same challenge as MZI. In contrast, SI and FPI

share the same component for splitting and combining the light. Moreover, both paths of

light transmit in the same fiber, which presents strong capacity of resisting disturbance.

Expensive polarization maintaining fibers are necessary for most SI structures, so they

always bring high cost. What’s more is that the sensitivities of the previous displacement

sensors mentioned above are not high enough. However, the FPI can gain higher sensitivity

with simple structures and low cost, both from the performance and economic aspects. Up

to now, the fiber FPIs have been applied in many sensing fields, such as temperature (Wu

et al. 2015a), refractive index (Zhang and Peng 2015), pressure (Zhu et al. 2015) and

displacement (Jauregui-Vazquez et al. 2013). However, the FPIs mentioned above still

have the potential to simplify their designs and improve the sensitivities.

In this paper, an all fiber FPI is investigated and applied to micro-displacement sensing.

The Fabry–Pérot cavity (FPC) is composed of the end faces of two fibers whose reflectivity

are the main factors to affect the curve shape of the FPI transmission spectrum, which can

be learned via the numerical simulation in section II. Meanwhile, the characteristic that the

fringe spacing (FS) of the transmission spectrum is related to the cavity length of the FPI is

applied to sensing the displacement. Besides, the experimental result shows that maximum

sensitivity is as high as 56.6 nm/lm which is much higher than the reported fiber sensors

(Chen et al. 2014; Meng et al. 2015; Wu et al. 2015b; Wen et al. 2014; Qi et al. 2013). In

addition, the FPI possesses the advantage of simple structure and low cost, which is

beneficial to engineering application.

2 Design and numerical simulation

The proposed all fiber FPI, which consists of two fiber end faces, is applied to detecting

micro-displacement as shown in Fig. 1. The end faces of two fibers can be deemed as the

semi-reflective mirrors whose reflectivity are determined by the coating films on the end

faces.

The transmission spectrum intensity of the FPI can be given as (Zhong et al. 2012)
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I kð Þ ¼ I1 kð Þ þ I2 kð Þ þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

I1 kð ÞI2 kð Þ
p

cos Duð Þ; ð1Þ

where I1 and I2 are two paths of light reflected by the fiber end faces, k is the wavelength in
vacuum. Du is the optical phase difference between two paths of light, and it can be

obtained

Du ¼ 2p
k

� 2L; ð2Þ

where L is the length of the FPC, and the intensities of both paths of light can be expressed

as

I1 ¼ R1 � Iin
I2 ¼ 1� R1ð Þ2R2 � Iin

ð3Þ

where R1 and R2 are the reflectivity of end faces of the left fiber and the right fiber

respectively as shown in Fig. 1. Iin is the intensity of the input light. All these parameters

are defined in Table 1, which are only used for numerical simulation.

In order to investigate the influence of reflectivity of the fiber end faces on transmission

spectra, the path of light, which is reflected by the right fiber end for only once, is

considered as the single path that can interfere with the light reflected by the left fiber end.

Both paths of light are marked with red arrows in Fig. 1. The extinction ratios (ER) and

maximum intensities of transmission spectra with various R1 and R2 are shown in Fig. 2. It

can be seen that maximum ER arises when the condition of R1\ 40 % is satisfied; higher-

intensity (lower transmission loss) can be achieved with a larger R2. Thus, smaller R1 and

larger R2 should be satisfied simultaneously so that higher ER and lower transmission loss

of the proposed FPI can be achieved. In fact, under the condition that only two paths of

light are considered, maximum ER and minimum transmission loss can be obtained when

R1 = 39 % and R2 = 100 %. However, larger R1 and R2 can introduce multiple reflections

Fig. 1 Schematic diagram of the FPI for displacement sensing. The arrows indicate the transmission paths
of light

Table 1 Parameters in the numerical simulation

Symbol Quantity Values

Iin Intensity of the input 1 mW

R1 Reflectivities of end faces of the left fiber 1–100 %

R2 Reflectivities of end faces of the right fiber 1–100 %

k Wavelength in vacuum 1200–1900 nm

L Length of the FPC 4–20 lm

All fiber Fabry–Pérot interferometer for high-sensitive… Page 3 of 10 206

123



which will deteriorate the transmission spectrum. Therefore, multiple reflections are taken

into account in the following analysis.

The signal can be reflected back and forth between the two fiber end faces, and the more

times of reflections, the lower the light intensity will be. However, the transmission

spectrum can be influenced obviously by the multiple reflections of the two fiber ends

when their reflectivities are high enough. All paths of light, whose intensities could not be

ignored, will interfere with each other. As a result, Eq. (1) can be rewritten as

I ¼
X

M

i¼1

Ii kð Þ þ
X

M

i¼1

X

M

j¼1;j 6¼i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ii kð ÞIj kð Þ
q

cos Duij

� �

; M ¼ 2; 3; 4; . . .ð Þ; ð4Þ

where M is the number of light paths which are taken into account in the numerical

simulation. Similarly, the OPD and intensities of the light have the following forms

Dumn ¼
2p
k

� 2 m� nj jL; m 6¼ nð Þ

I1 kð Þ ¼ R1 � Iin kð Þ
In kð Þ ¼ 1� R1ð Þ2 R1R2ð Þn�2

R2 � Iin kð Þ; n ¼ 2; 3; 4ð Þ

ð5Þ

Illustrated by the example of R1 = 39 % and R2 = 100 %, different values of M will

lead to different transmission spectra. The value of M is infinite when the loss of light is

ignored, which will increase the difficulty of the theoretical calculation; thus, M = 2, 3, …
and 10 are taken into account as shown in Fig. 3. It can be seen that the curve gets far away

from sinusoid with the increase of M; meanwhile, the average intensity (Iave) of the

transmission spectrum is rather more approximate to the input intensity (Iin). In addition,

the distinction between two spectra with larger M is not as enormous as the one with

smaller M. In other words, the curves with M = 2 and M = 3 are quite different from each

other, but the ones with M = 8, 9 and 10 are almost the same. In terms of the average

intensity of the transmission spectrum, the intensities of the multiple reflected paths of light

are so low that their contribution to the transmission spectrum can be neglected in the

numerical simulation.

Besides, the reflectivities of both fiber ends can also influence the curve shape of the

transmission spectrum. Here, we assume that all the light can be received from the left

Fig. 2 The transmission spectrum with various R1 and R2. a Extinction ratio, b transmission intensity
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fiber, and R2 should be set as 100 % correspondingly. With different values of R1, various

curves can be achieved as shown in Fig. 4. The bandwidths of the peaks decrease with the

increase of R1, and the curve shape is far away from sinusoid due to the overlap of multiple

paths of light. As a displacement sensor, the proposed FPI can establish the relationship

between transmission spectrum and the corresponding displacement generated by various

cavity lengths (L) of the FPI. As is well known, there are several parameters of the

transmission spectrum can be used for sensing the displacement, such as intensity,

wavelength, and so on. In this article, the value of FS is applied to sensing the cavity length

of the FPI. Therefore, the FS of the transmission spectrum, which is a important parameter

for this kind of sensor, can be expressed as (Tian et al. 2008),

FS L; kð Þ ¼ k2

2mL
; m ¼ 1; 2; 3; . . .ð Þ; ð6Þ

where m is defined as the order difference of two optical paths (The first order of path is

defined as light path reflected by the left fiber end face only once, i.e., the first order one is

not reflected by the right fiber end face. The second order one and the third one are

Fig. 3 The transmission spectra of the FPI with various values of M when R1 = 39 %, R2 = 100 % and
L = 4 lm

Fig. 4 The transmission spectra of the proposed FPI with various values of R1 when M = 20, R2 = 100 %
and L = 4 lm
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reflected by the right fiber end face for once and twice, respectively, and the rest can be

done in the same manner). The FS will get smaller when m is becoming larger. However, it

can be deduced by comparing the curves in Fig. 3 that higher order reflected paths of light

are less effective to the FS.

Even when the reflectivity are as high as R1 = 90 % and R2 = 100 %, the high order

reflected light is still irrelevant to the FS between two adjacent main peaks. In order to

simplify the calculation, we assume that the first two orders of paths are taken into account

when R1 and R2 are smaller, which is approximately consistent with the simulation result in

Fig. 4. From Eq. (6). It can be seen that the value of FS is the function of k and L;

therefore, the center wavelength should be set as a constant number (take 1550 nm for

instance) for the displacement sensing system. Figure 5 shows the transmission spectra of

the FPI with various L from 4 to 20 lm.

From both Eq. (6) and Fig. 5b, it can be seen that FS and displacement have the

relationship of inverse proportion. As a result, the sensitivity of the proposed FPI can be

derived from Eq. (6) as follows

dFS L; k0ð Þ
dL

¼ � k20
2L2

; ð7Þ

where k0 is the reference wavelength, and it is set as 1550 nm. The minus in the right hand,

which is not relevant to the sensitivity, indicates that the FS decreases with the increase of

L. Ignoring the minus, the sensitivity of the FPI can be described as shown in Fig. 6. It can

be recognized that the smaller the displacement, the higher the sensitivity.

3 Experimental results and analysis

The experimental setup is illustrated in Fig. 7. A 50:50 optical coupler is used to link the

broadband source (BBS, Koheras Co., SuperK), the FPI and the optical spectrum analyzer

(OSA, YOKOGAWA, AQ6375). The useless light of the fiber pigtails is absorbed by the

refractive index matching fluid (RIMF). According to the results of numerical simulation,

sensitivity of the proposed FPI is irrelevant to the reflectivity of the fiber ends. Besides,

Fresnel reflection of the fiber end faces can provide the reflectivity of 4 %, which will lead

Fig. 5 a The transmission spectra of the FPI variation of L; b the FS as the function of the displacement
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to the transmission spectrum is in a state of high ER and low intensity as shown in Fig. 2.

Thus, there is no additional coating film is implemented on the fiber ends. The operating

wavelength of BBS and OSA are both set as 1200–1900 nm which is corresponding to the

numerical simulation in section II.

Figure 8 shows the transmission spectra of the FPI with various lengths of FPC. Both

FS and ER of the transmission spectrum drop down with the increase of displacement;

meanwhile, the curve shapes are close to sine curves. Maximum ER of more than 15 dB is

achieved when the length of FPC is about 3 lm. Fast Fourier transform algorithm is

applied to analyzing the number of light paths as shown in Fig. 9 from which two obvious

peaks can be seen when L = 3 lm is satisfied. In other words, it explains that more than

three orders of paths will be involved in interference. However, the peaks intensities

decline with the increase of L, thus the light intensities of optical paths with multiple

reflections are much weaker than the ones with fewer times of reflections. This result

agrees with the numerical simulation that low reflectivities of the fiber ends will lead to

transmission spectrum closing to sine curve.
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Fig. 6 The sensitivity of the FPI
as the function to the
displacement

Fig. 7 Schematic diagram of the micro-displacement sensor based on all fiber FPI
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Furthermore, the relationship between the fringe spacing and displacement is shown in

Fig. 10a. Meanwhile, the coefficient of determination of R2 = 0.9986 is obtained after

linear fitting of 1/FS, which manifests that 1/FS and displacement possess a satisfactory

linear relation. In other words, fringe space of the transmission spectrum and the length of

FPC have a reverse relationship, which coincides with the simulation result as shown in

Fig. 5. According to the linear fitting in Fig. 10a and the expression in Eq. (7), the sen-

sitivity of the FPI can be achieved as shown in Fig. 10b. It is proved that maximum

sensitivity is approximately 56.6 nm/lm, and the sensitivity decreases with the increase of

displacement. Minimum displacement of about 3 lm is implemented in our experiment;

however, the sensitivity has the potential to be improved by further diminishing the length

of the FPC, and the operation wavelength range of BBS and OSA should be enlarged

correspondingly at this time.

Fig. 8 The transmission spectra of the FPI with various L
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4 Conclusion

In summary, we demonstrate an all fiber FPI for displacement measurement. Reflectivities

of the fiber end faces can affect the bandwidths of the peaks but the FS, which can be

deduced from the numerical simulation. As a result, FS of the transmission spectrum is

applied to sensing length of the FPC. In addition, the experimental result shows that

maximum sensitivity of 56.6 nm/lm can be achieved when the length of FPC is about

3 lm. Furthermore, the measurable displacement range, whose sensitivity is higher than

1.533 nm/lm, is 27 lm. This type of FPI has the capacity of higher sensitivity by using a

smaller length of the FPC; thus it can be applied to micro-displacement sensing with super

high resolution.
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