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Abstract— Respiration rate (RR) is an important 

information related to human physiological health. A 
wearable optical fiber sensor for respiration 
monitoring based on a bend singlemode-multimode-
singlemode (SMS) fiber structure, which is highly 
sensitive to bend, is firstly proposed and 
experimentally demonstrated. The sensor fastened 
by an elastic belt on the abdomen of a person will 
acquire the respiration signal when the person breaths, which will introduce front and back movement of the abdomen, 
and thus bend of SMS fiber structure. Short-time Fourier transform (STFT) method is employed for signal processing 
to extract characteristic information of both the time and frequency domain of the measured waveform, which provides 
accurate RR measurement. Six different SMS fiber sensors have been tested by six individuals and the experimental 
results demonstrated that the RR signals can be effectively monitored among different individuals, where an average 
Pearson Correlation Coefficient of 0.88 of the respiration signal has been achieved, which agrees very well with that 
of commercial belt respiration sensor. The proposed technique can provide a new wearable and portable solution for 
monitoring of respiratory with advantage of easy fabrication and robust to environment.  
 

Index Terms— Optical fiber sensing, singlemode-multimode-singlemode (SMS) structure, Respiration monitoring, 
Pearson Correlation Coefficient 
 

 

I. INTRODUCTION 

ITH the development of the modern medical technology, 
people pay more and more attention to physical health 

related parameters, such as respiration rate (RR) [1]. The human 
RR is normally detected by electronic sensor (typically 
piezoelectric sensor) and optical sensor [2-7]. Compared with 
the traditional piezoelectric sensor, the optical fiber sensor 
technique has many advantages such as the high sensitivity, 
resistence to corrosion and immunity to electromagnetic 
interference. There are mainly two types of optial fiber sensors 
by classifying demodulation methods: the intensity and the 
wavelength demodulated sensor [8]. In 2014, W. Zheng et al. 
designed an intensity-based notched polymer optical fiber 
fabric strain sensor for monitoring respiration [9]. In 2019, F. 
Z. Tan et al. proposed to use twin-core fiber based sensor to 
detect the human respiration and heartbeat signals [10]. In 2020, 
an in-line few-mode fiber Mach-Zehnder interferometer 
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structure sensor is proposed by R. H. Wang et al. and applied 
to the respiration monitoring [11]. Fiber Bragg Grating (FBG) 
is also applied to monitor respiration, by utilizing its sensing 
property to strain, curvature, temperature, and relative humidity 
[12-15]. In 2020, Aizhan Issatayera et al. proposed a FBGs 
array-based system attached to the human chest and abdomen 
for respiration monitoring, which adopted multi-point 
measurements to counteract the interference of body 
measurements [16]. In 2019, Diaz et al. proposed a portable 
interrogator for dynamic assessment of knee angle and 
displacement by embedding FBG and FPI in different flexible 
structures [17]. In 2018, Bonefacino et al. proposed an ultra-
fast polymer optical fibre Bragg grating inscription for human 
heartbeat and respiratory monitoring [18]. In addition to FBG, 
other wavelength demodulated sensors are utilized to acquire 
respiration signals. In 2019, K. Li et al. proposed a novel optical 
active fiber sensing technique based on the lasing wavelength 
demodulation for monitoring the human pulse and respiration 
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[19]. There are other types of optical fiber sensor applied to 
detect the respiratory signals. For example, Leal-Junior et al. 
proposed a polymer optical fiber-based sensor for simultaneous 
measurement of breath and heartbeat rate under dynamic 
movements [20-21]. Such as the optical interferometric sensor, 
the fiber-optic fluorescence sensor, the plastic optical fiber 
sensor, the optical fiber micro bend sensor, etc. [22-26]. 
However, these sensors mentioned above have disadvantages 
of either with complex structure, or relatively low sensitivity, 
etc.  
 Recently we proposed to use a bend SMS fiber structure for 
respiration monitoring [27]. In this application, the bend SMS 
fiber structure is attached to a respiration mask, where the 
breath will introduce air blow to the SMS fiber sensors, 
resulting in the change of bend radius. This sensor design isn’t 
wearable/robust due to the use of respiration mask, which isn’t 
comfortable for people wearing it.  In this work, a wearable and 
compact optical fiber sensor based on a bend SMS fiber 
structure for respiration monitoring is proposed by attaching the 
SMS fiber sensor on an elastic belt, which is fastened on the 
abdomen of a person. Dynamic short-time Fourier transform 
(STFT) signal processing method, which can extract 
characteristic information of both the time and frequency 
domain of the signal is employed to achieve very accurate 
measurement. The measured results were compared with that of 
a commercial belt respiration sensor.    

II. THEORETICAL ANALYSIS AND SIMULATION 

A. SMS fiber structure sensing principle 

The SMS fiber structure is configured by fusion splicing a 
short section of multimode fiber (MMF) between two 
singlemode fibers (SMFs), as shown in Fig. 1(a). Both 
fundamental and  high-order eigen modes of the MMF will be 
excited when light transmits from input SMF to MMF. These 
modes will propagate independently in the MMF section and 
interference at the output SMF, which can be acquired by an 
optical spectrum analyzer (OSA). 
 For a straight MMF, the refractive index (RI) is 
symmetrically distributed along the fiber axis. However, when 
the MMF is curved, the RI distribution is radius dependent and 
an equivalent RI distribution is defined as follows [27-29]: 

𝑛 = 𝑛଴(1 +
௫

ோ೐೑೑
)                                     (1) 

where 𝑛଴(𝑥, 𝑦)  is the RI of the straight fiber and 𝑅௘௙௙  is the 
equiralent bend radius which can be expressed as follows: 

𝑅௘௙௙ =
ோ

ଵି(௡బ
మ/ଶ)[௉భమି௩(௉భభା௉భమ)]

                 (2) 

where 𝑅 is the bend radius of the fiber, 𝑣 is the Poisson ratio and 
𝑃ଵଵ and 𝑃ଵଶ are components of the photoelastic tensor. 

Based on the above theoretical analyses, numerical 
simulations have been conducted employing the beam 
propagation method (BPM) with a 2D model. The simulation 
conditions were based on a mesh size in the X and Z directions 
of 0.1 µm and 1 µm, respectively, and the boundary condition 
adopted a perfectly matched layer (PML) condition in the model. 
The SMF has a core and cladding diameter of 8 μm and 125 μm 
respectively. The core diameter and cladding diameter of MMF 
are set to 105 μm and 125 μm respectively. The length of the 

MMF fiber is 30 mm. The core and cladding RI of both MMF 
and SMF are 1.4497 and 1.4418 respectively. The simulated 
transmission spectrum of a straight SMS fiber structure is shown 
in the Fig. 1(b). 

   
Fig. 1 (a) A schematic diagram of an SMS optical fiber sensor, (b) 

simulated transmission power of the SMS optical fiber sensor. 

B. SMS fiber sensor curvature experiment 

The experimental setup of using an SMS fiber structure for 
curvature measurement is shown in Fig. 2. The input SMF is 
connected to an amplified spontaneous emission (ASE) 
broadband light source and the output SMF is connected to an 
OSA (Yokogawa AQ6370D) to measure the transmission 
spectrum of the sensor. Both ends of the SMS fiber sensor are 
fixed to a translation stage which can be used to adjust the 
curvature of the sensor by moving forward/backward the 
translation stage as shown in Fig. 2. In our experiments, three 
different MMF lengths of 20 mm, 30 mm and 40 mm were used 
to study the influence of MMF length on the performance of the 
bend SMS fiber sensor. In the experiment, the step increment 
of translation stage is 5 μm. The curvature of the SMS fiber 
sensor can be calculated by adopting the approximation of the 
sine function to the second-order as [30]: 

𝐶 = 2
௦௜௡(௅బ஼/ଶ)

௅బି௱௬
≈ ට

ଶସ௱௬

௅బ
య                       (3)   

where 𝐿଴  is the initial distance between two translation 
stages, 𝛥𝑦 is the displacement applied by the translation stage.  

 
Fig.2. Schematic diagram of the experimental setup for SMS structure 
optical fiber sensor curvature experiment. 
 

(a) 

(b) 
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Fig.3. Transmission spectrum in response to different curvatures of the 
sensor with (a) 20 mm MMF, (b) 30 mm MMF and (c) 40 mm MMF. 
(d) Linear fit of the power variation at wavelength 1550 nm for SMS 
sensor with (d) 20 mm MMF, (e) 30 mm MMF and (f) 40 mm MMF. 

The power variation at 1550 nm wavelength is extracted 
from the spectra with different curvature value, because the 
1550 nm light laser source will be used in further experiments 
of respiration monitoring. Figures 3(a-c) shows the 
transmission spectra of the sensors with three different MMF 
length under different curvatures and Figures 3(d-f) shows the 
extracted power variations at wavelength 1550 nm, where two 
sets of linear fits were applied to that of each SMS fiber sensor. 
As shown in Fig. 3(d-f), for each SMS fiber sensor, the 
sensitivity to bend is different.  For example, the SMS sensor 
with 30 mm MMF length has the highest sensitivity and the best 
linearity among the three optical sensors with different MMF 
length when the curvature ranges from 0 m-1 to 3.1722 m-1 so 
that we choose the SMS sensor with 30 mm as respiration 
sensor in the following experiment. 

III. RESPIRATION MONITORING SYSTEM ARCHITECTURE  

Figure 4(a) shows a schematic diagram of the respiration 
monitoring system, which composed of five components, 
including a CW (Continuous Wave) laser (1550 nm) in the 
Figure 4(b), an elastic belt embedded with the SMS fiber 
sensor, a photodiode in the Figure 4(c), a FPGA (Field 
Programmable Gate Array) voltage acquisition unit and a PC 
(Personal Computer). Figure 4(d) shows a picture of the elastic 
belt, which consists of an SMS fiber sensor, a piece of plastic 
sheet and an elastic fabric. The output light intensity is detected 
by an InGaAs photodiode (PDA10CS-EC, THORLABS), 
which transferred optical signal to electrical signal and 
transmitted to an FPGA. The sampling rate of the FPGA voltage 

acquisition component is 50 Hz, which is controlled by a PC. 
Figure 4(e) shows a picture of the wearable sensor fastened on 
the abdomen of a person under RR test. It is noted that due to 
the small size of optical source and sensor demodulation 
system, the respiration monitoring system is portable, which 
can be used in hospitals for patients’ RR monitoring. In the 
future investigation, a smart phone will be used to replace 
laptop to acquire and process respiration signals, which enables 
the whole system wearable. 

 
Fig.4. Experiment setups. (a) system architecture, (b) photodiode, (c) 
laser source, (d) the elastic belt structure and (e) wear method. 

IV. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Respiration signal preprocessing 

Figure 5(a) shows measured power (voltage) variations 
within 60 seconds’ periodic respiration, where periodic signal 
with a baseline drift can be observed . Figure 5(b) gives Fast 
Fourier Transform (FFT) of the respiration signal. The baseline 
drift and interference [shown in Figs. 5(a) and (b)] will have 
influence on the subsequent accuracy analysis result of 
respiration monitoring. Wavelet decomposition method is thus 
used to eliminate the baseline drift and interference due to its 
decorrelation and flexibility in signal processing field. 𝐿ଶ(𝑅) 
represents the square integrable real number space, i.e. limited 
energy signal space, R is a real number. Assumed that 𝑔(𝑡) ∈
𝐿ଶ(𝑅), t is the time, 𝜓(𝑡) is a wavelet generating function. Then 
the continous wavelet transform is [31]: 

𝑊௚(𝑎, 𝑏) = |𝑎|ିଵ/ଶ ∫ 𝑔(𝑡)𝜓 ∗ (
௧ି௕

௔
)𝑑𝑡

ோ
               (4)                             

where a and b are the scaling and translation factor, 
respectively. Continuous wavelet discretization is used in the 
application: 

𝑎 = 𝑎଴
௝
, 𝑏 = 𝑘𝑎଴

௝
𝑏଴                                          (5) 

(a) 

(b) (c) 

(d) (e) 
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where k and j are integers, 𝑎଴ is the fixed scaling step length 
and 𝑏଴ is the fixed translation step length. Then the coefficient 
of the discretize wavelet transform: 

𝑊௚,௞(𝑡) = 𝑎଴
ି௝/ଶ

∫ 𝜓 ∗
ோ

൫𝑎଴
ି௝/ଶ

𝑡 − 𝑘𝑏଴൯𝑑𝑡       (6)  
The wavelet reconstruction formula is: 
𝑔(𝑡) = 𝑄∑ ∑ 𝑊௝,௞𝑎଴

ି௝/ଶ
𝜓(𝑎଴

௝𝑡 − 𝑘𝑏଴)
∞
ି∞

∞
ି∞               (7) 

where Q is an independent constant of the signal. The raw signal 
is decomposed by wavelet transform ie. Eq (6) to obtain the 
detaile coefficients of the high frequency and approximation 
coefficient of the low frequency. Since the baseline drift and 
interference exists in the low frequency, we remove the 
approximation coefficient of the low frequency and keep detail 
coefficients of high frequency only. The signal is thus 
processed as shown in the Figs. 5(c) and (d) by the wavelet 
reconstruction ie. Eq (7). At the same time, noise interference 
exists in respiration signal in Figs. 5(c) and (d). We also adopt 
wavelet decomposition to denoise the respiration signal by 
removing the detail coefficients of the high frequency because 
noise exists in the high frequency. Most of the noise of the 
respiration signal is thus filtered using the above siganl 
processing method [shown in Figs. 5(e) and (f)]. 

Fig.5. Respiration signal preprocessing analysis. (a) The time domain 
and (b) the frequency domain of raw signal; (c) the time domain and 
(d) the frequency domain of removed baseline interference signal; (e) 
the time domain and (f) the frequency domain of denoised signal. 
 

B. RR monitoring 

A female and a male volunteer participate the experimental 
study of the RR monitoring. The signal preprocessed by the 
wavelet decomposition method is shown in Figs. 6(a) and (c), 
and the FFT method is applied to both Figs. 6(a) and (c) to 
extract the frequency information as shown in Figs. 6(b) and 
(d). The results of respiration monitoring indicate that the RR 
of the female and male volunteer are 0.35 Hz and 0.25 Hz 
respectively, indicating that the female volunteer has higher RR 
than that of the male volunteer. The experimental result 
indicates that the proposed SMS fiber sensor can measure RR 
accurately. 

 
Fig.6. RR of different individual analysis. Measured time domain of 
the RR by (a) the female and (c) male volunteer; extracted normalized 
frequency spectrum of the RR by (b) the female and (d) male volunteer. 

 
The classic FFT can be used to analyze the regular signal. 

However, the respiration signal is sometimes not a regular 
signal (for example, RR varies) caused by the change of human 
physiological condition. In this case, the classic FFT cannot be 
used to analyze the signal and thus the STFT method is used to 
process the signal, because the result calculated by STFT has 
the characteristics of both the time and frequency domain of the 
signal. The signal x(t) transformed By STFT can be defined as 
[32]: 

𝐹ௌ்ி்௫(𝑡, 𝑓) = ∫ 𝑥(𝑢)ℎ(𝑢 − 𝑡)𝑒ି௝ଶగ௙௨𝑑𝑢
∞

ି∞
            (8)                                  

where f represents the frequency, h(t) is a window function at u 
on the time axis. Figures 7(a) and (b) recorded the waveform of 
respiration apnea and recovery, and respiration variation after 
exercise, respectively. The corresponding instantaneous 
frequency after STFT are shown in Figs. 7(c) and (d). It can be 
observed in Fig. 7(c) that the respiration frequency value is 0.3 
Hz in time range 0-27 s; the respiration apnea happens in 27-45 
s and recovery in 45-60 s which corresponds to the waveform 
in the Fig. 7(a). Figure 7(d) indicates the instantaneous 
frequency variation ranges from 1.67 Hz to 0.4 Hz after 
exercise. The above experimental results confirm that STFT is 
an effective method for data processing of the measurement of 
the RR variation. 

 
Fig.7. Irregular respiration signal analysis. (a) the time domain and (c) 
the frequency domain of respiration apnea and recovery; (b) the time 
domain and (d) the frequency domain of respiration after exercise. 
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C. Accuracy analysis of respiration monitoring 

In order to verify the accuracy of respiration monitoring with 
the SMS structure optical fiber sensor, a commercial belt 

respiration sensor (HKH-11C, Hefei Huake Information 
Technology Co.Ltd) was selected as a reference for the 
synchronous measurement of RR.  

 
Fig.8. Comparation between respiration data of the SMS structure optical fiber sensor and the commercial belt respiration sensor. (a) Raw data 
after preprocessing. (b) Normalized data. 

Six volunteers participate the comparison of respiration 
monitoring. In the experiments, both the commercial belt 
respiration sensor and the SMS sensor were tied to the abdomen 
of the volunteers for respiration monitoring. The sample 
frequency of both systems is 50 Hz and the measurements were 
carried out simultaneously. Figure 8(a) shows the measured 
respiration waveforms for the six volunteers, where blue and 
orange waveforms correspond to the preprocessed data of the 
SMS sensor and the commercial belt respiration sensor in 60 
seconds respectively. Since the collected voltages between the 
two sensor systems are different, a normalization of these data 
is applied, and the result is shown in Fig. 8(b). 

Table.1. Result of the signals from the SMS fiber sensor correlated to 
the signals from the commercial belt respiration sensor. 

Volunteer Sample size 
 (number of data collected) 

PCC 

1 3000 0.9214 
2 3000 0.8972 
3 3000 0.9220 
4 3000 0.8168 
5 3000 0.8681 
6 3000 0.8986 

To reveal the relationship between the results measured by 
both SMS fiber sensor and commercial respiration sensor, 
Pearson Correlation Coefficient (PCC) is introduced to 

calculate the degree of linear correlation between these 
measurements, which is defined by [11]:  

𝑝 =
ே∑௫೔௬ೕି∑௫೔ ∑௬ೕ

ටே∑௫೔
మି(∑௫೔)

మටே∑௬೔
మି(∑௬೔)

మ
             (9)                               

where xi and yi are the sample values of the two groups of 
data obtained from the SMS sensor and the commercial sensor, 
respectively. N is the sample size of the data. In a general way, 
the PCC exceeded 0.8 indicates a strong correlation between the 
two groups of data [33]. The PCCs of the above measured 
results of six volunteers are summarized in Table 1. As can be 
seen in Table 1, the PCCs of all 6 groups’ data are higher 
than 0.8, and the best PCC is as high as 0.922. The above results 
demonstrated that the proposed sensor has a strong correlation 
with standard respiration monitoring device and can be used for 
accurate human respiratory monitoring.  

To study the long-term stability of the SMS sensor for 
respiration monitoring, a volunteer participates measurements 
for the long-term verification. The sensor with lowest PCC was 
selected for the long-term stability test. Fig.9 shows the raw 
data after preprocessing and the normalized data of the first and 
the second measurements, where there is a gap of two weeks 
between the tests using the same SMS and reference sensor. The 
PCC of the first measurement is 0.9337 and the PCC of the 
second measurement in two weeks is 0.9386. The results of the 
measurement are higher than 0.8, which indicates that the SMS 
sensor is effective for long-term respiration monitoring. 
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Fig.9.The long-term validity verification of the SMS sensor for respiration monitoring. (a) The raw data after preprocessing and (b) the normalized 
data in the first measurement; (c) The raw data after preprocessing and (d) the normalized data in the second measurement. 

V. CONCLUSION 

In conclusion, a wearable respiration monitoring setup 
based on a SMS structure optical fiber sensor was proposed and 
experimentally demonstrated, which can be used to monitor 
both regular and irregular RR caused by different human 
physiological conditions. The SMS sensor embedded elastic 
belt structure, which is fastened on the abdomen position, can 
acquire the respiration signal because of the undulating 
movement of the abdomen. Both the regular and irregular RR 
can be achieved by wavelet decomposition, FFT and STFT 
methods. Accuracy experiments of the optical fiber sensor for 
respiration monitoring is carried out by comparing with a 
commercial belt respiration sensor in the sample group of six 
volunteers, where a correlation indicator PCC is calculated. The 
experimental results indicate that the PCCs of all volunteers 
exceed 0.8 (strong correlation). Long-term stability of the SMS 
sensor was also studied by measuring two sets of respiration 
signals of the same volunteer, where two weeks gap was applied 
to the two measurements. The result shows that the SMS sensor 
has good long-term stability. The respiration monitoring 
technique based on the proposed SMS sensor may play an 
important role in the human health monitoring application. It is 
noted that temperature will have impact on the wavelength 
response of the sensor and compensation technique has been 
proposed by Arnaldo et al. [34]. However, in our RR 
measurement, since the frequency of RR is much higher than 
that of temperature variation, the impact of temperature can be 
ignored. Body movement also has negative impact on the 
measurement accuracy. A possible solution is to integrate 
multiple SMS fiber sensors into the elastic belts and attach to 
different positions of the body. Using diversity-based signal 
processing method [16] to process the measurements with 
different SMS sensors, it is possible to compensate the 
influence of body movements and realize accurate RR 
monitoring. Measurement of other physiological parameters 

are also possible using the developed SMS sensor. For example, 
human pulse and heartbeat rate can be measured by attaching 
the SMS sensor to the brachial artery and chest of a person. 
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