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Abstract: In view of the problem that the sensing characteristics of the multi-mode interferometric 
fiber sensors cannot be accurately analyzed, an analysis method based on the fast Fourier transform 
(FFT) and inverse fast Fourier transform (IFFT) is proposed and demonstrated theoretically and 
experimentally. The suitabilities of the rectangular window function with the narrow main lobe (high 
spectrum resolution) and low side lobe (high main mode energy leakage) and the Hanning window 
function with the wide main lobe (low spectrum resolution) and high side lobe (high energy 
concentration) in this kind of sensor analysis are discussed, respectively. This method can not only 
realize the sensing performance analysis of the various modes, but also overcome the inconsistency 
of the different interference wavelength (dip) sensing characteristics in the conventional analysis 
methods. At the same time, this method is also beneficial to solve the repetitive problem of such 
sensors. 
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1. Introduction 

All in-fiber interferometers are a type of 

multi-mode interferometric fiber sensor appeared in 

recent years, such as the Mach-Zehnder (M-Z) 

interferometer [1, 2], Michelson interferometer    

[3, 4], and micro nano fiber [5, 6] based on the core 

mode and multi cladding modes interference 

working principle. Due to the large number of 

cladding modes and the relatively large mode field 

diameter, this kind of sensor presents good sensing 

characteristics in the detection of the surrounding 

material refractive index (RI) (solids, liquids, and 

gases) [7–9], stress [10, 11], temperature [12, 13], 

electromagnetic field [14, 15], etc. In addition, these 

sensors also have the advantages of the simple 

structure, low cost, and anti-electromagnetic 

interference. At present, the analysis method to 

measure the peaks or dips wavelengths of the 

interference spectrum changing with the measured 

quantity is conventionally adopted. In 2015 [16], a 

liquid level sensor based on an in-fiber M-Z 

interferometer experimentally was demonstrated, 

and two different dips were investigated, which 

showed the 0.017 4 nm/mm sensitivity with the 

97.4% linearity at the 1 560 nm wavelength, and the 
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0.102 5 nm/mm sensitivity with the 99.23% linearity 

at the 1 570 nm wavelength, respectively. In 2019, 

Jiao et al. [17] proposed an M-Z interferometer 

based on the single mode-multimode-thinned 

core-single mode optical fiber structure for       

RI sensing, and in their experiments, two dips  

were monitored, which had the –18.176 4 nm/RIU 

sensitivity and 98% linearity at the 1 580 nm 

wavelength, and the −12.219 7 nm/RIU sensitivity 

and 97% linearity at the 1 592 nm wavelength, 

respectively. In 2021, Wang et al. [18] proposed an 

M-Z interferometric optical fiber strain sensor, in 

which two dips presented the 165 pm/με sensitivity 

and 99.6% linearity at the 1 546 nm wavelength, and 

the 145.25 pm/με sensitivity and 99.6% linearity at 

the 1 629 nm wavelength, respectively. In 2018 [19], 

the sensing characteristics of a seawater temperature 

sensor based on the M-Z interferometer was  

studied through investigating its interference peaks 

at different wavelengths with the 40.26 pm/℃ 

sensitivity and 99.8% linearity at the dip of 1 245 nm 

and the 38.24 pm/℃ sensitivity and 99.5% linearity 

at the dip of 1 547 nm, respectively. According to the 

relevant literature, it can be found that different 

wavelengths of the sensor exhibit different 

sensitivities and linearities because different 

interference wavelengths (dips or peaks) contain 

different compositions of cladding modes [10, 11, 

17]. The principle of multi-mode interference makes 

the sensing process of this kind of sensor very 

complex. However, the current analysis method of 

the sensing characteristics of such sensors is very 

rough, and the methods analyzed solely from the 

wavelength drift rather than the working mode may 

lead to detailed sensing principles and sensing 

processes being ignored [16–19]. Therefore, an 

accurate analysis method for sensing performance of 

the multi-mode interferometric sensor is urgently 

needed. 

In this paper, a novel fast Fourier transform 

(FFT) based analytical method is proposed, and it is 

applied to the analysis of a liquid RI sensing 

properties of a fiber optical M-Z interferometric 

sensor. In this process, the FFTs with the rectangular 

and Hanning window functions are analyzed, 

respectively. By using the FFT of the interference 

spectrum of the sensing process, the spatial 

spectrum of the sensing mode can be distinguished. 

By using the inverse fast Fourier transform (IFFT) 

for the spatial spectrum of the sensing mode, the 

interference spectrum of the mode can be obtained. 

The results show that the FFT through the 

rectangular window function can obtain a 

high-resolution spatial spectrum, which is suitable 

for the investigation of the sensing modes and the 

sensing performance analysis of a sensor with a 

small number working modes, and the FFT through 

the Hanning window function can obtain a spatial 

spectrum with an energy concentration sensing 

mode, which is suitable for the investigation of the 

sensing mode and the sensing performance analysis 

of a sensor with more working modes. By using this 

novel analysis method, the interference spectra, 

corresponding to the same mode, show uniform 

sensing properties, such as the same wavelength 

drift direction, sensitivity, and linearity. Therefore, 

this Fourier transform method can solve the problem 

that the sensing characteristics cannot be accurately 

analyzed, and it can also solve the problems of the 

poor repeatability and demodulation difficulties of 

the multi-mode interferometric optical fiber sensor. 

2. Theoretical analysis 

Any continuously measured signal can be 

expressed as an infinite superposition of sine wave 

signals at different frequencies using the discrete 

Fourier transform (DFT) [20]. In addition, the FFT 

is a highly efficient algorithm for the DFT. The 

spectrum output of the interference sensor acts as a 

time-stationary signal, and the relevant modes of 

spatial frequency information can be obtained by 

applying the FFT. In this process, the window 

function selection is important. As known, the main 

lobe and side lobe of the window function directly 
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affect the FFT spectrum processing results, the 

specific performance of the main lobe width mainly 

determines the spectrum resolution of the signal, and 

the side lobe is related to the energy distribution [21]. 

Generally speaking, the higher the side lobe is, the 

more serious the energy leakage undergoing the FFT 

is, and the smaller the side lobe energy is. The signal 

energy is relatively concentrated in the main lobe, 

which reflects the more accurate spectrum 

information of the original signal [22]. Therefore, 

two representative window functions of the 

rectangular window and Hanning window are 

selected. 

Assuming the time range is 0 ≤ t ≤ T, the time 

domain expression of the rectangular window 

function can be expressed as 
( ) 1W t = .              (1) 

And the time domain expression of the Hanning 

window function can be expressed as 
1 2

( ) 1 cos
2

t
W t

T

π = − 
 

.          (2) 

The time domain and frequency domain spectra 

of the two window functions are shown in 

Figs. 1(a)–1(d), respectively. Comparing Figs. 1(b) 

and 1(d), it can be found that the rectangular 

window function has a narrow main lobe and a high 

side lobe. It means that the single after the FFT 

using rectangular windows will have the high 

frequency resolution and be easy to generate the 

high-frequency leakage. In comparison, the Hanning 

window has a relatively wide main lobe and a 

relatively low side lobe. It means that the frequency 

resolution is reduced and the spectral energy leakage 

is decreased. 
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(a)                       (b)                        (c)                       (d) 
Fig. 1 Time domain and frequency domain spectra of different functions: (a) time domain and (b) frequency domain spectra of the 

rectangular window function, respectively; (c) time domain and (d) frequency domain spectra of the Hanning window function, 
respectively. 

An all-fiber M-Z interferometer is analyzed 

based on a single mode-thinned core-single mode 

optical fiber (STS) structure. The incident light 

propagating through the lead-in single-mode fiber 

(SMF) is split into two parts at the first splicing 

point. One part transmits in the fiber core while the 

other enters the cladding of the thin-core fiber (TCF), 

resulting in exciting the cladding modes by the core 

mismatch. The two beams of the light couple at the 

second splicing point between the TCF and the 

output SMF, which forms an M-Z interference. 

According to [23], the effective RI difference based 

on the all-fiber interferometer can be obtained by the 

spatial frequency: 

eff2
0

1
m Lξ

λ
= Δ              (3) 
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where ξ  is the spatial frequency, 0λ  is the central 

wavelength, L is the length of the sensing fiber, and 

effmΔ  is the effective RI difference between the 

core mode and the cladding mode. In order to get the 

effective RI difference, the simulation output 

spectrum, shown in Fig. 2(a), is chosen to do the 

FFT with the rectangular and Hanning window 

functions, respectively. Figure 2(b) shows its spatial 

spectrum by using the FFT with two different 

window functions, respectively. By solving the 

effective RI of the cladding mode of the sensing 

fiber with the interval traversal and chord cutting 

method, the order of the mode corresponding to the 

cladding mode can be determined, which is shown 

in Fig. 2(c), so that the order of the cladding mode 

corresponding to the peak values in the spatial 

spectrum can be obtained. From Fig. 2, it can be 

found that there are the core mode and cladding 

modes in the spatial frequency spectrum by using 

the rectangular windows transformation, the 

cladding modes can be finely separated, but the 

energy is relatively low and leaks to the higher order 

weakly modes, and in the spatial frequency 

spectrum of the Hanning window transformation, 

the cladding mode is presented as one mode group 

with the relatively concentrated energy. 
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       (c) 

Fig. 2 Simulation spectra of the all-fiber M-Z interferometric sensor: (a) simulation output spectrum and its (b) spatial frequency 
spectrum by using the FFT with the rectangular and Hanning window functions, respectively, and (c) scatter plot of the effective RI 
and the cladding mode order of the MZI. 
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3. Experiments 

3.1 Analysis of an interferometric optical fiber RI 

sensor by the conventional method 

A refractometer with the all-fiber structure that 

the 30-mm-long TCF (4.5 μm/125 μm core/cladding) 

spliced between two standard SMFs (8.3 μm/125 μm 

core/cladding) is fabricated and experimentally 

investigated. The setup is shown in Fig. 3, and a 

broad band source (BBS) and an optical spectrum 

analyzer (OSA, Yokogawa AQ 6370 with the 

0.05 nm resolution) are adopted to observe the 

interferometric spectrum of the sensor. The two ends 

of the sensor are fixed on the glass slide with a 

microgroove used to immerse in the tested liquid in 

the RI range of 1.336 4−1.420 0, respectively. The 

sensor is washed with the deionized water several 

 

times in order to clean the surface of the sensor after 

every RI value measurement. 

BBS

OSA

Glass slide with microgroove

Cladding

SMF-TCF-SMF structure
Fiber coreCladding

 
Fig. 3 Schematic diagram of the experimental setup. 

To understand the sensing characteristics of the 

sensor with different numbers of cladding modes, 

two liquids with different RI ranges of 

1.336 4–1.355 4 and 1.372 4–1.420 0 are adopted. 

The superposition diagrams of the interference 

spectra of the sensor at different liquid RI ranges  

are shown in Figs. 4(a) and 4(b), respectively. From 
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Fig. 4 Superposition diagram of the interference spectrum of the sensor: liquid RI range from (a) 1.336 4 to 1.355 4 and (b) 1.372 4 
to 1.420 0, respectively. 
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Fig. 5 Linear fitting diagrams of different dips drifts with the RI change from (a) 1.336 4 to 1.355 4 and (b)1.372 4 to 
1.420 0, respectively. 

these figures, it can be found that all the interference 

intensity dips are blue shifts with the RI increase. 

The linear fittings of different dips drifts with the RI 

changing from 1.336 4 to 1.355 4 are shown in 

Fig. 5(a). From Fig. 5(a), it can be found that 

different dips correspond to different sensitivities 

and linearities as reported literature [17, 24, 25] and 

as in our experiments, such as the –40.66 nm/RIU 

sensitivity and 92.5% linearity at the dip of 1 542 nm, 

the –77.66 nm/RIU sensitivity and 92.85% linearity 

at the dip of 1 555 nm, and the –93.92 nm/RIU 

sensitivity and 92.09% linearity at the dip of   

1 570 nm. The linear fittings of different dips drift 

with the RI changing from 1.372 4 to 1.420 0 are 

shown in Fig. 5(b). From Fig. 5(b), it also can be 

found that different interference wavelengths 

correspond to different sensitivities and linearities 

with higher values because more high-order 

cladding modes are excited as the RI of the 

surrounding medium increases, such as the 

–101.77 nm/RIU sensitivity and 96.18% linearity at 

the dip of 1 555 nm, the –126 nm/RIU sensitivity and 

99.71% linearity at the dip of 1 570 nm, and the 

–139.07 nm/RIU sensitivity and 98.72% linearity at 

the dip of 1 600 nm. This is mainly because different 

interference wavelengths (dips or peaks) contain 

many different modes, meanwhile, different modes 

have different sensing properties, resulting in 

different interference wavelengths corresponding to 

different sensitivities. Thus, we can see that the 

conventional sensing characteristics analysis method 

can lead to the problem that the sensing 

characteristics of this kind of sensor cannot be 

determined. 

3.2 Accurately analysis of the sensor by the FFT 
analysis method 

In order to accurately analyze the sensing 

characteristics of the sensor, the sensing modes must 

be clearly defined. Therefore, the output interference 

spectrum is transformed by the FFT under the 

rectangular window and Hanning window functions, 

respectively. 

Firstly, the rectangular window is adopted for 
the interferent spectrum of the sensor to obtain   

the sensing modes of the sensor responding to 
1.336 4–1.355 4 and 1.372 4–1.420 0 liquid RI ranges, 
from which the spatial frequency composition by 

using the FFT of the sensing performance with   
the RI change is shown in Figs. 6(a) and 6(b), 
respectively. From Figs. 6(a) and 6(b), it can be 

found that several cladding modes involved in the 
sensing are obtained. From Fig. 6(a), it can be found 
that there are three main modes, which are the 9th, 

12th, and 14th modes, respectively. From Fig. 6(b), 
five main modes of the 9th, 11th, 12th, 13th, 14th 
modes are observed. From its detail changing in the 

sensing process in Fig. 6(b), it can be found that the 
cladding modes fluctuate disordered during sensing,  
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Fig. 6 Spatial frequency composition of the sensor through the FFT with the RI range: (a) 1.336 4–1.355 4 and (b) 1.372 4–1.420 0, 
respectively; (c) interference spectrum after the IFFT and (d) sensing characteristics curve diagram of the 12th order mode, 
respectively; (e) Interference spectrum after the IFFT and (f) the sensing characteristics curve diagram of the 14th order mode, 
respectively. 

due to that the rectangular window is a kind of 

high resolution narrow main lobe and high 

frequency leakage low side lobe in the FFT. 

Therefore, it can be seen that the rectangular 

window is not suitable to be applied to the sensing 

performance analysis of such sensors in the high 

RI range (sensors with more working modes). 

From Fig. 6(a), the detailed analysis of the 

mode-sensing process reveals that the 9th order 

cladding mode is unstable due to the reason that 
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when the external RI environment is low, only 

some low-order cladding modes in the sensing 

structure are excited and interfere with the core 

mode. The higher-order cladding modes are 

excited and hopped as the external RI increases. 

The detail changes of the 12th and 14th cladding 

modes in the sensing process are shown in Fig. 6(a). 

By using the IFFT, the interference spectra of the 

12th and 14th order modes are shown in Figs. 6(c) 

and 6(d), respectively. By tracking the dip 

wavelength drift with the liquid RI change, the 

sensing characteristics curve diagram of 12th and 

14th order modes can be obtained, which are 

shown in Figs. 6(e) and 6(f), respectively. From 

these figures, the sensing sensitivity corresponding 

to the 12th cladding mode is –110.59 nm/RIU with 

the 94.12% linearity, and the sensing sensitivity 

corresponding to the 14th cladding mode is 

–41.525 nm/RIU with the 97.41% linearity, 

respectively. By this new method, it can be found  
 

that it can be found that all the dips corresponding 

to the same working mode present a uniform 

sensing characteristic. 

Secondly, the Hanning window is adopted for 

the interference spectrum of the sensor by the FFT. 

The Hanning window has a wider main lobe and a 

higher side lobe than those of the rectangular 

window, which makes the modes energy in the 

spatial spectrum more concentrated. The spatial 

spectrum of the sensing process in the RI range of 

1.336 4–1.355 4 by applying the FFT to the optical 

spectrum of the sensor is shown in Fig. 7(a), and it 

shows the IFFT of the spatial spectrum of the 

sensing, from which it can be seen that there is 

only one main mode (the 13th order cladding 

mode). After process, its interference spectrum is 

obtained, as shown in Fig. 7(c), from which it can 

be seen that all the dips are blue shifts with the RI 

increase, and its linear fitting curves of some dips 

are shown in Fig. 7(b). From Fig. 7(b), all the dips  
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Fig. 7 Hanning window processing results with the RI range of 1.336 4–1.355 4: (a) spatial spectrum, (b) superimposed interference 
spectra after the IFFT, and (c) linear fitting curves of some dips. 
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present the uniform sensitivity of –98.909 nm/RIU 

and linearity of 97.12%. Similarly, the Hanning 

window is applied to the sensing performance 

analysis in the RI range of 1.372 4–1.420 0. The 

obtained spatial spectrum is shown in Fig. 8(a). In 

this figure, there is a relatively broad main mode 

that has been relatively stable throughout the RI 

change. By using the IFFT, the superimposed 

interference spectra are shown in Fig. 8(c). As seen 

in Fig. 8(c), all the dips present blue shifts with the 

RI increase. The linear fitting curves of some dips 

are shown in Fig. 8(b). As shown, the sensor 

exhibits a uniform sensitivity of –141.65 nm/RIU 

and linearity of 98.83%. 
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(c) 

Fig. 8 Hanning window processing results with the RI range of 1.372 4–1.420 0: (a) spatial spectrum, (b) superimposed interference 
spectra by using the IFFT, and (c) linear fitting curves of some dips. 

4. Conclusions 

In conclusion, a novel accurate sensing 

characteristics analysis method based on the Fourier 

transform applied to the optical spectrum of the 

multi-mode field interferometric optical fiber sensor 

is proposed and demonstrated. With the rectangular 

window and the Hanning window functions, the 

sensing characteristics of the optical fiber 

interferometric sensor in the case of the narrow main 

lobe and low side lobe window functions, and wide 

main lobe and high side lobe window functions in 

the low and high RI ranges are analyzed, 

respectively. Compared with the conventional 

methods, this method can not only clearly observe 

the change of the mode in the sensing process, but 

also obtain the sensing characteristics of each 

sensing mode, so as to effectively overcome the 

difficulty of the sensing characteristics analysis by 

using the conventional analysis methods. In our 

experiment, in the low RI range, relatively few 

cladding modes are excited in the sensor, so with the 
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high-resolution window function, and the sensing 

characteristics of different modes in detail can be 

observed and analyzed. In the high RI range, more 

high-order cladding modes are excited, and the 

high-resolution window function is no longer 

applicable. Then, by using the Fourier transform 

analysis method with the window function, when the 

energy concentration wide main lobe and high side 

lobe are adopted, the problem of many high-order 

cladding modes analysis can be solved. Therefore, 

this method based on the Fourier transform can 

solve the problem that the sensing characteristics of 

the sensors cannot be accurately analyzed, and it can 

also solve the problems of poor repeatability and 

demodulation difficulties. The proposed method is 

of great significance to promote the development of 

sensors to the practical application. 
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