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Abstract: An in-line fiber Fabry-Perot interferometer (FPI) based on the hollow-core photonic 
crystal fiber (HCPCF) for refractive index (RI) measurement is proposed in this paper. The FPI is 
formed by splicing both ends of a short section of the HCPCF to single mode fibers (SMFs) and 
cleaving the SMF pigtail to a proper length. The RI response of the sensor is analyzed theoretically 
and demonstrated experimentally. The results show that the FPI sensor has linear response to external 
RI and good repeatability. The sensitivity calculated from the maximum fringe contrast is      
–136 dB/RIU. A new spectrum differential integration (SDI) method for signal processing is also 
presented in this study. In this method, the RI is obtained from the integrated intensity of the absolute 
difference between the interference spectrum and its smoothed spectrum. The results show that the 
sensitivity obtained from the integrated intensity is about –1.34×105 dB/RIU. Compared with the 
maximum fringe contrast method, the new SDI method can provide the higher sensitivity, better 
linearity, improved reliability, and accuracy, and it’s also convenient for automatic and fast signal 
processing in real-time monitoring of RI. 
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1. Introduction 

Refractive index (RI) measurement of liquids 
has great significance in chemistry, biology, industry, 
food processing, and environmental monitoring, etc. 
Optical fiber refractometers have attracted 
widespread attention in the past decades due to 
many desirable advantages such as the small size, 
compact structure, high flexibility, immunity to 
electromagnetic interference, corrosion resistance, 
and the capacity for in situ and multiplexed 
operation. Various optical fiber refractometers have 
been developed including tapered fiber structures [1], 

optical fiber surface plasmon resonance (SPR) 
devices [2–3], fiber Bragg gratings (FBGs) [4–5], 
titled fiber Bragg gratings (TFBGs) [6], long-period 
gratings (LPGs) [7–8], optical fiber modal 
interferometers (MIs) [9–10], and fiber Fabry-Perot 
interferometers (FPIs) [11–16]. Among them, the 
fiber FPIs have advantages of compact probe 
structure, large measurement range, linear response, 
low temperature cross-sensitivity, and convenient 
reflection mode for detection, which make them 
particularly attractive for RI measurement. 

Generally, the fiber FPIs can be classified into 
three types: extrinsic, intrinsic, and the recently 
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developed in-line fiber FPIs. The extrinsic fiber FPI 
usually has an external cavity formed by two aligned 
fiber end faces [11]. And RI sensing can be realized 
by demodulating the optical path difference (OPD) 
when the analyte enters the cavity. Many signal 
processing methods have been presented for OPD 
demodulation such as peak wavelength tracing [17], 
peak-to-peak method [18], and fast Fourier 
transform (FFT) [19]. The extrinsic fiber FPI can 
provide a relatively high sensitivity. However, the 
open cavity is easily contaminated, which also 
suffers from structural instability and high optical 
transmission loss. The intrinsic fiber FPI is typically 
formed by two in-fiber mirrors [12]. The RI 
variation of the analyte will change the reflectivity 
of the exposed fiber end face, leading to a change in 
the interference fringe contrast. Normally, the 
intrinsic fiber FPI is difficult to be fabricated and 
has a relatively low fringe contrast. The in-line fiber 
FPI has a hybrid structure combining the 
characteristics of extrinsic and intrinsic        
FPIs [13–16]. It has been a hotspot in recent   
years due to its good performance and easy 
fabrication. 

The RI measuring principle of the in-line fiber 
FPI is the same as the intrinsic FPI, and the RI of  
the analyte is usually obtained from the maximum 
fringe contrast of the interference spectrum [13, 14]. 
However, it requires a high signal-to-noise ratio 
(SNR) to calculate the maximum fringe contrast 
accurately. D. Wu et al. [15] used the FFT algorithm 
to obtain the spatial frequency spectrum of 
interference fringe and determined the RI by the 
peak amplitude, but a limitation of FFT is its poor 
resolution. They also proposed a spectrum 
differential integration (SDI) method [16] to 
calculate the RI induced intensity change of the 
interference spectrum. This method can improve the 
reliability and sensitivity for RI measurement; 
however, it needs one basic spectrum for every 
subtraction. So a more accurate, reliable, convenient, 
and high sensitive signal processing method is 

needed for the in-line fiber FPI refractometer. 
In this paper, we propose an in-line fiber FPI 

refractometer based on the hollow-core photonic 
crystal fiber (HCPCF). The FPI is formed by 
splicing the both ends of a short section of the 
HCPCF to single mode fibers (SMFs) and cleaving 
the SMF pigtail to a proper length. The RI response 
of the FPI sensor is analyzed theoretically and 
demonstrated experimentally. Owing to its compact 
structure, good performance, simple and safe 
fabrication and so on, the proposed in-line fiber FPI 
refractometer shows a great promise for RI 
measurement. And a new signal processing method 
based on SDI is proposed in this study. The 
smoothed spectrum is used for subtraction instead of 
the basic spectrum. Experimental results show that 
compared with the maximum fringe contrast method, 
the new SDI method can provide higher sensitivity, 
better linearity, and improved reliability and 
accuracy. Besides, it’s also convenient for automatic 
and fast signal processing in real-time monitoring  
of RI. 

2. Theory 

2.1 RI detection principle 

The structure of the proposed in-line fiber FPI 
refractometer is shown in Fig. 1. A short section of  
the HCPCF is performed as an in-fiber air cavity. 
One end of the HCPCF is spliced to the SMF, and 
the other end is spliced to another short section of 
the SMF. The core RI of the SMF (nSMF ≈ 1.457) is 
different from the HCPCF (nHCPCF ≈ 1), thus three 
reflecting surfaces denoted as M1, M2, and M3 are 
formed due to Fresnel reflection. There are three 
Fabry-Perot cavities in this structure: Cavity 1 
formed by M1 and M2 with a length L1, Cavity 2 
formed by M2 and M3 with a length L2, and the 
longest Cavity 3 formed by M1 and M3 with a 
length equal to L1+L2. 

The intensity reflectivities of the three surfaces 
are R1, R2, and R3, respectively, which can be 
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calculated as follows according to the Fresnel 
reflection equation at normal incidence: 

2 2

SMF HCPCF SMF EX
1 2 3

SMF HCPCF SMF EX

,n n n nR R R
n n n n
   − −

= = =   + +   
 (1) 

where nSMF is the core RI of the SMF, nHCPCH is the 
core RI of the HCPCF, and nEX is the RI of the 
external medium (the analyte). Due to the significant 
RI difference between the HCPCF and SMF and the 
low light transmission loss of the HCPCF, the 
optical fiber FPI based on the HCPCF can provide 
the relatively high reflectivity and signal-to-noise 
ratio (SNR). 

  
Fig. 1 Structure of the proposed FPI based on HCPCF. 
Assume the electric field of the incident light is 

E0. The light propagates along the fiber and is 
reflected by three surfaces, respectively. Notice that 
there is a π phase shift at the surface when light is 
reflected from an optically denser medium. Thus the 
combined reflected electric field Er can be written as 
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where α1 and α2 are the intensity attenuation factors 
due to the mode mismatch and surface imperfection 
of M1 and M2, respectively; γ1 and γ2 are defined as 
the optical transmission loss factors of the FP Cavity 
1 and Cavity 2, respectively; φ1 and φ2 are the light 
phase delays (round-trip) induced by Cavity 1 and 
Cavity 2, and can be expressed as 

    HCPCF 1 SMF 2
1 2

4 4,n L n Lπ π
φ φ

λ λ
= =       (3) 

where L1 and L2 are the lengths of Cavity 1 and 
Cavity 2, respectively, and λ is the wavelength of 
incident light. 

The normalized intensity reflectivity RFP of the 
FPI can be calculated by the following equation: 

  FP 2
0

r rE ER
E

∗⋅
= .             (4) 

According to (1), (2), and (4), the RI of the 
external medium nEX will affect the output RFP 
through the intensity reflectivity R3. Figure 2 shows 
the simulated interference spectra (RFP & λ) of the 
proposed FPI with different nEX. The simulated 
parameters are: nSMF = 1.457, nHCPCH = 1, L1 = 20 µm, 
L2 = 775 µm, α1 = α2 = 0.15, γ1 = 0.02, and γ2 = 0.01.  
λ is from 1 510 nm to 1 590 nm, and nEX = 1 (air), 
1.33 (water), 1.38, and 1.44, respectively. 
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Fig. 2 Simulated interference spectra: (a) nEX = 1, 1.33, 1.38,  
and 1.44, respectively (other simulated parameters are: nSMF = 

1.457, nHCPCF = 1, L1 = 20 µm, L2 = 775 µm, α1 = α2 = 0.15, γ1 = 

0.02, γ2 = 0.01, and λ is from 1 510 nm to 1 590 nm) and       
(b) close-up of the spectra in liquids of different RIs. 

As shown in Fig. 2, the fringe contrast of the 
interference spectrum changes when nEX changes, so 

λ2 
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the RI of the analyte can be determined by 
measuring the fringe contrast. Usually, the 
interference fringe that gives the maximum fringe 
contrast is chosen to obtain a better sensitivity [13]. 
By locating the absolute minimum RFP(λ1) and the 
adjacent peak RFP(λ2) as shown in Fig. 2(b), the 
maximum fringe contrast can be calculated by 

max FP 2 FP 110lg[ ( ) / ( )]V R Rλ λ=  and in a logarithmic 
scale max FP 2 FP 1( ) ( )V R Rλ λ= −  (unit: dB). Vmax is 
completely free from the influences of light source 
intensity variation and transmission loss change. It is 
the most commonly used method for the in-line fiber 
FPI refractometer. However, it requires a high SNR 
to locate the trough and adjacent peak in the 
spectrum and readout their intensities accurately. 
Especially, when the external RI increases, the 
fringe contrast and SNR will decrease, causing large 
errors. 

2.2 New SDI method 

The SDI method [10] is essentially an intensity 
measurement method proposed by Y. Li et al., and  
D. Wu et al. [16] used it to analyze the interference 
spectra of the FPI. They chose the spectrum 
obtained by putting the sensor in deionized water as 
the basic spectrum for every subtraction. However, 
the wavelength shift of the interference spectrum 
caused by ambient temperature variation [20] will 
bring errors for RI measurement. 

So here we propose to use the smoothed 
spectrum instead of the basic spectrum for 
subtraction. As we can see in Fig. 2, the interference 
spectrum becomes more smoothed with an increase 
in RI. Thus in the new SDI method, first for each 
collected spectrum, a smoothed spectrum is obtained 
by smoothing function. Then the absolute intensity 
difference between the interference spectrum    
and its smoothed spectrum is calculated by 
pointwise subtraction at each wavelength.      
And at last, the absolute differences are integrated 
along the scanning wavelength range of the 
spectrum. The integrated intensity can be  

expressed as 

  
0

0

integrate smooth( ) ( )
N

I I I
RBW

λ λ

λ

λλ λ
+ ⋅∆ ∆

= − ⋅∑     (5) 

where I(λ) is the intensity of the recorded 
interference spectrum, Ismooth(λ) is the smoothed 
spectrum, λ0 is the starting wavelength, N is the 
number of data points collected in actual 
measurement, Δλ is the interval between adjacent 
data, and RBW is the resolution bandwidth of the 
interrogator. Compared with the maximum fringe 
contrast method, the new SDI method can provide 
the higher sensitivity and improved reliability and 
accuracy, since more spectral information is 
included in demodulating the final result. 

3. Experiment 

3.1 Sensor fabrication 

To fabricate the proposed FPI, one end of the 
HCPCF was cleaved and spliced to the SMF using a 
commercial electric arc fusion splicer (KL-280G) by 
manual operation. Then the other end of the HCPCF 
was cleaved to a desirable length and spliced to 
another section of the SMF. Finally, the subsequent 
SMF was cleaved to a suitable length. The 
cross-section of the HCPCF (HC19-1550, NKT 
Photonics) used in the experiment is shown in the 
inset of Fig. 3(a). It guided light in the central hollow 
core surrounded by a micro-structured cladding 
formed by a periodic arrangement of air holes in 
silica. The core diameter and the outer cladding 
diameter of HC19-1 550 were ~20 µm and ~115 µm, 
respectively, and its mode field diameter was    
~13 µm. 

To minimize the air hole collapse of the HCPCF 
near splicing joint, we chose a weaker fusion power 
and a shorter fusion time, and introduced a suitable 
offset between the joint and the central axis of arc 
discharge to ensure a smaller amount of heat being 
applied to the HCPCF. The optimal splicing 
parameters in our fabrication process were: 
pre-fusion power of 10 bit, pre-fusion time of 150 ms, 
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arc fusion power of 30 bit, arc duration of 300 ms, 
overlap of 15 µm, and offset length of 15 µm. The 
microscopic image of the fabricated FPI is shown in 
Fig. 3(a). We can see that the air hole collapse of the 
HCPCF is avoided. The lengths of the HCPCF and 
the pigtail SMF were about 20.8 µm and 775 µm, 
respectively. The whole fabrication process was 
cost-effective and simple since only ordinary tools 
were needed. 
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Fig. 3 Experimental results of sensor fabrication:         
(a) microscopic images of the fabricated FPI and the 
cross-section of HC19-1550 (inset) and (b) interference spectra 
of the fabricated FPI in air and water. 

The reflective interference spectra of the 
fabricated FPI in air (nEX = 1) and water (nEX = 1.33) 
measured by an interrogator (SM125, Micron Optic 
Inc) are shown in Fig. 3(b). We can see that the FPI 
has a good fringe visibility (maximum fringe 
contrast ~17 dB in water) due to the relatively high 
RI difference between the HCPCF and SMF, and the 

low-loss high-quality splice. 

3.2 RI measurement 

Sucrose solutions with different concentrations 
(0 – 60%, corresponding RI: 1.33 RIU – 1.44 RIU, 
calibrated by an ABBE refractometer) were prepared 
to investigate the RI response of the FPI 
refractometer. The experimental setup is shown in 
Fig. 4. The fabricated FPI was dipped into the 
sucrose solutions vertically, and the reflected spectra 
were measured by SM125. A computer was used to 
record and process the signal. The sensor was 
cleaned by distilled water and dried water before the 
next test. The experiment was carried out at room 
temperature (25 ℃). The test was repeated for 3 
times to investigate the repeatability. 

 
Fig. 4 Experimental setup for RI measurement. 

4. Results and discussion 

4.1 RI response 

The reflective interference spectra of the FPI 
sensor in different solutions are shown in Fig. 5. It 
can be seen that the fringe contrast of the 
interference spectrum decreases as the external RI 
increases, which is consistent with the theory. The 
minor shift of the fringe wavelength may be caused 
by the ambient temperature variations. Figure 6 
shows the relationship between the maximum fringe 
contrast Vmax and external RI obtained from three 
tests. We can see that Vmax decreases monotonically 
with an increase in RI in the range of 1.33 RIU – 
1.44 RIU (refractive index unit). The FPI sensor 
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shows the linear response and good repeatability. 
The R-square value of linear fitting (average of three 
tests) is about 98%. The sensitivity obtained by Vmax 
is –136 dB/RIU. With the intensity resolution of  
0.01 dB for SM125, the RI resolution of the FPI 
sensor is about 7× 10‒5

 RIU. 
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Fig. 5 Experimental results: (a) interference spectra of the 
FPI in solutions with different concentrations corresponding to 
different RI (0, 30% and 60%) and (b) close-up display. 

 
Fig. 6 Relationship between the maximum fringe contrast 

(Vmax) and external RI for three tests. 

Compared with our previous work [21], the 
sensor performance is enhanced, and the RI 
sensitivity is almost two times larger than the 
previous one. This is mainly due to the improvement 
of the sensor’s fabrication quality. 

4.2 New SDI method 

The experimental results obtained by new SDI 
signal processing methods are shown in Figs. 7 and 8. 
In the proposed new SDI method, a smoothing 
function is applied to each acquired interference 
spectrum, and the smoothing function adopted in our 
experiment is the Savitzky-Golay method [22]. It’s a 
widely used smoothing algorithm based on local 
polynomial fitting using the least square method. 
The smoothed spectra (dotted line) for different 
external RIs are shown in Fig. 7. Proper parameters 
for Savitzky-Golay method such as points of 
window and polynomial order are selected to fit the 
envelope of the interference spectrum better. Then 
the absolute intensity difference between the 
interference spectrum and its smoothed spectrum is 
calculated by pointwise subtraction at each 
wavelength. And the absolute differences are 
integrated along the scanning wavelength range of 
the spectrum. For the signal processing in our 
experiments, the scanning range is from 1 510 nm to 
1 590 nm, the intervals between adjacent data and 
RBW of SM125 are both 5 pm. 

The relationship between the integrated intensity 
Iintegrate and external RI is shown in Fig. 8. It can be 
seen that Iintegrate shows the same varying trend as 
Vmax, but with an obviously improved linearity and 
accuracy. The R-square value of linear fitting 
(average of the three tests) is about 99.8%. The 
results obtained by the new SDI method are more 
reliable because the whole spectral information is 
included in calculation. The sensitivity obtained by 
Iintegrate is about –1.34× 105

 dB/RIU, which is greatly 
improved. The sensitivity is found to be related to 
the scanning wavelength range and resolution of the  
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(a) 

 
(b) 

 
(c) 

Fig. 7 Interference spectra (solid line) and smoothed spectra 
(dashed line) of the FPI in solutions of different concentrations 
corresponding to different RI: (a) 0, (b) 30%, and (c) 60%. 

interrogator [10]. A wider scanning range and a 
higher resolution can result in a higher sensitivity, 
because more data points are added to the integral 
result. In a word, compared with the maximum 
fringe contrast method, the new SDI method can 

provide the higher sensitivity, better linearity, and 
improved reliability and accuracy. 

 
Fig. 8 Relationship between the integrated intensity (Iintegrate) 

and external RI for three tests. 

5. Conclusions 

An in-line fiber FPI refractometer based on the 
HCPCF has been proposed in this paper. The RI 
response of the sensor is analyzed theoretically and 
demonstrated experimentally. Results show that the 
FPI sensor has the linear response to the external RI 
and good repeatability. The sensitivity calculated by 
the maximum fringe contrast is –136 dB/RIU. And a 
new signal processing method based on the SDI has 
also been presented in this study. In this new SDI 
method, the RI is obtained by the integrated 
intensity of the absolute difference between the 
interference spectrum and its smoothed spectrum. 
The signal processing results show that the 
sensitivity obtained by the integrated intensity is 
about –1.34 × 105

 dB/RIU. Compared with the 
maximum fringe contrast method, the new SDI 
method can provide higher sensitivity, better 
linearity, and improved reliability and accuracy. 
And it’s also convenient for automatic and fast 
signal processing in real-time monitoring of RI. 
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