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Few-mode and multi-core fibers are proposed and demonstrated for contactless vital signs monitoring in this paper. 
In-line optical fiber interferometers using few-mode and multi-core fibers are designed and offset splicing is utilized for 
mode excitation. Extinction ratio and insertion loss are analyzed experimentally under different offset distances. The fab-
ricated in-line interferometers are packaged under the mattress to realize contactless vital signs signals collection. By
using filtering techniques, both respiration and heartbeat signals can be recovered successfully, and respiration as well 
as heartbeat ratio are obtained. Mode excitation and interference are theoretically analyzed in few-mode fiber while cur-
vature sensing experiments using multi-core fiber interferometer are performed to verify its excellent performance on vital 
signs monitoring. The successful demonstration on contactless vital signs monitoring makes few-mode and multi-core 
fibers promising candidates for healthcare applications. 
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Introduction 

Vital signs, such as body temperature, respiration, heart-
beat, blood pressure and pulse oxygenation, act as main 
health indicators of human body functions and the mon-
itoring of vital signs becomes more and more important 
with the increasing concern on personal health condition 
among the public1. Good vital signs monitoring can not 
only assess daily personal health condition, but also help 
to diagnose specific diseases in early stage, like cardio-
vascular and cerebrovascular diseases2,3. Among these 
vital signs, respiration and heartbeat are the most com-
mon indicators with their intuitive and close connection 
with health condition. According to the telehealth world 
market report, respiration and heartbeat related diseases 
account for as high as 49% and 12% respectively among 
chronic and senile diseases4. Thus, due to its remarkable 

importance, monitoring of respiration and heartbeat at-
tracts concern in both research and industry area and 
many kinds of schemes have been proposed. 

Among current techniques for respiration rate (RR) 
and heartbeat rate (HR) monitoring, one of the most 
widely investigated and employed is wearable device5. 
Various sensors and materials are explored, and excellent 
monitoring results are achieved. For example, for RR 
monitoring, conductive and dielectric materials are 
packaged between substrates and placed around the body, 
especially the chest area, in order to detect the chest vol-
ume change when breathing6. In addition, the tempera-
ture sensor placed near the nose with an acoustic sensor 
attached on the neck can realize accurate and detailed RR 
monitoring, including the whole process of oxygen in-
flowing and carbon dioxide removal7,8. In general, tech-
nologies for RR monitoring are based on the expansion of 
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chest and airflow change during breath. In contrast, 
technologies for HR monitoring vary, and electrical, op-
tical and pressure signals are all employed. Electrocardi-
ography (ECG) signal has been widely regarded as the 
golden standard for assessment on heart functions, such 
as HR, atrial fibrillation and ventricle function9,10. It is 
physically based on the electrical signal detection from 
heart muscle when pumping blood. Conventional ECG 
devices require generally twelve leads attached on the 
body11 while current developed wearable ECG devices 
only need two leads1. Other than electrical sensors, opti-
cal and pressure sensors can also realize HR monitoring, 
and the technology employed is called 
plethysmography12,13. Competitively, these wearable de-
vices can realize stable HR and RR monitoring in any 
setting with long-term data collection. However, they 
inevitably require close contact or attachment with skin, 
which is not convenient and friendly for the elderly and 
children. In addition, for simultaneous HR and RR mon-
itoring, more than one sensor or scheme has to be em-
ployed. Thus, contactless as well as simultaneous HR and 
RR monitoring technologies are desired and many 
schemes are also demonstrated. For example, wireless 
communication technologies are proposed for remote 
vital signs monitoring, including Wi-Fi14 and Doppler 
radar15. These systems are very complex and bulky since 
they are based on the communication setup and equip-
ment. Compact monitoring systems are then proposed, 
such as near field coherent sensing, which only needs 
some lags on the wrist and chest16. Also, face recognition 
device and algorithm, called motion microscope, are 
proposed to detect small facial motion change due to 
blood flow to realize HR monitoring17. However, all the 
contactless vital signs monitoring technologies need to 
employ complex, high-cost and advanced algorithms, 
which is not appropriate for practical usage, especially in 
some low-resource settings. Thus, to achieve contactless 
and simultaneous HR and RR monitoring with low-cost 
and simple structures, other sensors are proposed, like 
electrical pressure sensors18. Commonly, these sensors are 
packaged as the cushion or mattress, which can also real-
ize the sleep quality assessment19. Although some related 
technologies have been developed as products, they still 
cannot realize accurate and stable HR and RR monitoring 
due to their intrinsic drawback of low sensitivity. Optical 
fiber sensors, with excellent advantages of low-cost, 
compact, high sensitivity, immunity to electromagnetic 
interference, have been used for a wide range of applica-

tions, such as structural health monitoring, aerospace and 
railway performance monitoring20,21. One piece of fiber 
sensor may replace thousands of electronic sensors. For 
vital signs monitoring, there are also some schemes pro-
posed, namely the amplified bending loss sensors22 and 
optical fiber Mach-Zehnder interferometers23. RR detec-
tion is usually based on the pressure change on the fiber 
sensors while HR is obtained from the 
ballistocardiography (BCG) signal detection. BCG is the 
force or acceleration signal due to body movement in 
reaction to blood pumping from heartbeat to vascula-
tures24. For BCG signal detection, MZI shows better per-
formance than optical fiber sensors using bending loss. 
However, its package is complex with two separated arms 
and the signal fading effect exists, which will degrade the 
monitoring performance. Therefore, in-line interferome-
ters with single optical fiber and stable sensitivity will be 
preferred in sensor design for vital signs monitoring. 

Spatial division multiplexing (SDM) technique is a 
novel multiplexing scheme proposed for future 
high-capacity optical fiber communication system and 
much attention has been drawn on SDM development, 
including transceiver and the specialty optical fibers de-
sign25,26. Optical fibers utilized in SDM system are 
few-mode fiber (FMF) and multi-core fiber (MCF). They 
are designed to accommodate more than one mode and 
one core in single optical fiber as independent transmis-
sion channels so that the capacity can be improved expo-
nentially. Other than communication systems, FMF and 
MCF are also proposed as desirable candidates in sensing 
community and many kinds of structures are demon-
strated for various parameters measurement. For example, 
interferometers based on seven-core fiber (SCF) are pro-
posed for high-temperature27 and strain sensing28 and 
heterogeneous SCF is also utilized in Brillouin distributed 
sensing system for simultaneous temperature and strain 
sensing29. For FMF, mode interference is investigated and 
many parameters measurement is achieved, such as tem-
perature and strain30. In MCF and FMF, interference al-
ways happens among cores and modes, which can be uti-
lized for sensing as in-line interferometers31. These inter-
ferometers own the advantages of easy-fabrication, 
low-cost, high sensitivity, stability and compact, which 
can be promising candidates for contactless vital signs 
monitoring32–34. 

In this paper, FMF and MCF are proposed for contact-
less vital signs monitoring. The sensor structure is based 
on conventional single mode fiber-FMF/MCF-single 
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mode fiber (SMF) in-line interferometers. For FMF, SMF 
is spliced on both ends with optimized distance. Two 
kinds of FMFs are investigated, including two-mode fiber 
(TMF) and four-mode fiber, and they are packaged as 
mattress under the bed to achieve contactless monitoring. 
Vital signs monitoring experiment is conducted and re-
sults show that both two kinds of FMF-based sensors can 
achieve simultaneous HR and RR monitoring with ac-
ceptable accuracy. Other than FMFs, MCFs are also em-
ployed, including twin-core fiber (TCF) and SCF. Corre-
sponding in-line interferometers are also designed and 
fabricated, and the same packaging and following exper-
iments show good vital signs monitoring results. In theo-
ry, beam propagation method is utilized for mode excita-
tion simulation in FMF and curvature sensing is per-
formed using TCF with achieved tunability as well as high 
sensitivity. In conclusion, based on FMF and MCF, both 
HR and RR can be monitored simultaneously in contact-
less way with acceptable accuracy and stable performance, 
which makes FMF and MCF promising candidates for 
vital signs monitoring in low-resource settings. 

Operation principle 

For the vital signs monitoring based on FMF in-line in-
terferometers, the mode excitation and interference are 
utilized, which is discussed in this section. In FMF inter-
ferometers, the offset structure between SMF and FMF is 
usually utilized to excite higher order modes in the input 
end of FMF. This is due to the mode electrical field mis-
match between fundamental mode in SMF and higher 
order modes in FMF. The mode excitation ratio calcula-
tion follows conventional overlap integral35, which can be 
expressed as follows: 

,
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where Ii is the intensity distribution of input fiber mode 
and Ij corresponds to the excited mode. To discuss the 
offset impact on mode excitation theoretically, beam 
propagation method (BPM) is utilized. The models of 
FMF are established, including TMF and four-mode fiber, 
then offset distance between cores in SMF and FMF is 
tuned and the excitation results of every mode can be 
obtained from the monitor set on the output end of FMF. 
The results are shown in Fig. 1. It can be seen that for 
TMF as shown in Fig. 1(a), the LP01 mode intensity de-
creases with offset distance while LP11 mode intensity 
increases to the highest level under offset distance around 
5.5 m, and decreases until the interference disappears. 
The ER is dependent on the intensity ratio between two 
modes, and it can be concluded to reach the highest level 
when the power levels of two modes are identical. Thus, 
from the simulation results, the extinction ratio (ER) 
should increase firstly and then remain unchanged. For 
four-mode fiber, the results are shown in Fig. 1(b). 

When modes are excited at the input end of FMF, they 
co-propagate along the fiber with different group veloci-
ties. Thus, at the end of FMF, the mode interference oc-
curs, which is utilized for vital signs monitoring. The 
mode interference in FMF can be expressed as follows: 
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where M is the number of modes supported in FMF, k 
and l are the mode labels, τ is related to their group veloc-
ity difference and ϕ is the initial phase difference. 

Vital signs monitors design and fabrication 

Few-mode fiber in-line interferometers 

The structure of FMF in-line interferometers is shown in 
Fig. 2. Traditional sandwich structure, SMF-FMF-SMF, is 
utilized and offset between SMF and FMF is used for 
mode excitation, especially higher order modes. Two 

Fig. 1 | The simulated intensity of excited LP01 mode and LP11 mode with offset distance between SMF and TMF from 0 m to 10 m (a)

and the results of LP01, LP11, LP02 and LP21 modes regarding four-mode fiber (b). 

In
te

ns
ity

 (
a

.u
.)

 

LP01 
LP11 

Offset (μm) 

0 2 4 6 8 10

1 

0.8 

0.6 

0.4 

0.2 

0 

In
te

ns
ity

 (
a

.u
.)

 

LP01 

LP11 

LP21 

LP02 

Offset (μm) 

0 5 10 15 

1 

0.8 

0.6 

0.4 

0.2 

0 

a b



                    Opto-Electronic Advances    https://doi.org/10.29026/oea.2020.190034 

 

190034‐4 

© 2020 Institute of Optics and Electronics, Chinese Academy of Sciences. All rights reserved. 

kinds of FMFs are investigated, including TMF and 
four-mode fiber, which are both from OFS, Furukawa. 
FMF with enlarged core can support more than one mode 
in a single optical fiber. The modes supported in FMF, 
namely LP01, LP11, LP02 and LP21, are shown in Fig. 2. 

For mode excitation, due to the mode field mismatch 
between LP01 mode in SMF and higher order modes in 
FMF in offset structure, modes can be excited with dif-
ferent power ratios under different offset distances. As a 
result, the spectral ER changes with SMF shifts away from 
the FMF in center line.  

Since the sensitivity of this FMF-based interferometer 
is directly determined by ER of optical spectrum, discus-
sion on ER under different offset distances between SMF 
and FMF is performed experimentally. The experimental 
setup is shown in Fig. 3(a) and results of TMF are shown 
in Fig. 3(b). Broadband light source (BLS) ranging from 
1550 nm to 1600 nm and optical spectrum analyzer (OSA, 
AQ6370D, Yokogawa) are utilized for optical spectrum 
monitoring. Two splicers (Fujikura FSM-100P, FSM-50s) 
are used for identical offset distance control between 
FMF and input/output SMF, as shown in the inset of Fig. 
3(a). SMF and FMF are aligned firstly and the position of 

FMF on the holder is altered along downward direction 
as shown in Fig. 3(a). In the meantime, optical spectrum 
under every offset distance is collected. The results are 
shown in Fig. 3(b). It can be seen that with FMF away 
from SMF, the ER increases until the interference disap-
pears due to high loss. 

Based on the results in Fig. 3, ER as well as insertion 
loss variation with offset distance are obtained and sum-
marized as Fig. 4(a). The ER increases firstly and remains 
unchanged while insertion loss increases with off-core 
distance. Apart from discussion on ER and insertion loss 
with offset distance, the spectral period under different 
lengths of TMF is considered. The results are shown in 
Fig. 4(b), in which the period increases proportionally 
with length from 0.8 m to 0.4 m. This trend agrees with 
the traditional theory about optical fiber interferometers. 
Based on the results above, considering spectral ER, in-
sertion loss, the offset distance is confirmed with 
achieved ER around 12 dB and the loss of -20 dB. The 
length of TMF is around 1 m. 

Other than TMF, four-mode fiber is also utilized for 
in-line interferometer fabrication. The structure still fol-
lows Fig. 2, and experiments as well as corresponding 

Fig. 2 | The schematic diagram of FMF in-line interferometers based on the structure of SMF-FMF-SMF, and the intensity distribution of

modes supported in FMF, namely LP01, LP11, LP02 and LP21 modes. 

Fig. 3 | The experiment on ER versus offset distance between SMF and FMF to obtain a desired spectrum for sensing (a) and the results

regarding TMF: collected spectra with the SMF shifts away from the TMF in transverse direction (b). 
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discussion are also conducted in the same way. The opti-
cal spectra under different offset distances between SMF 
and four-mode fiber and the summarized ER and inser-
tion loss results are shown in Fig. 5. Different from 
unique interference between LP01 mode and LP11 mode in 
TMF, more than one mode pair exists in four-mode fiber, 
which results in different trend of ER variation with offset 
distance. For example, the ER decreases initially to 2 dB 
with offset distance and then increases back to 20 dB with 
following decline to 10 dB. The inset shows the spectrum 
under ER of 2 dB, where the interference occurs with 
additional frequencies. Based on the results obtained, for 
four-mode fiber interferometer design, the achieved ER is 
14 dB with insertion loss of -25 dB. 

 
Multi-core fiber in-line interferometers 

Multi-core fiber, with more than one core in single optical 
fiber, can be also used for in-line interferometer design. 
Different from the mode interference in FMF, every core 
in MCF can interfere with each other, which is called 
core-mode interference. This core-mode interference 
exists in many kinds of MCFs. In this paper, SCF as well 

as TCF are explored. The TCF is homemade while SCF is 
from YOFC in China. The schematic diagrams of TCF 
and SCF in-line interferometers are shown in Fig. 6. Off-
set between TCF and SMF on both ends is also intro-
duced as shown in Fig. 6(a). To fabricate this interferom-
eter, in the input end, laser source operating in visible 
light is firstly utilized. Offset between SMF and TCF is 
tuned to make two cores in output end illuminated with 
the same power level, as shown in the inset. Then, the 
light source is replaced by BLS in the input end while 
OSA is utilized for output spectrum monitoring. The off-
set between TCF and output SMF is to achieve good in-
terference result as shown in the inset in Fig. 6(a). For 
TCF, two cores in longitudinal direction can be treated as 
the sensing arm and the reference arm, which can be used 
to detect small pressure changes above. For SCF, the in-
terference between center core-mode and outer 
core-modes is employed. As shown in Fig. 6(b), mul-
ti-mode fiber (MMF) is sandwiched between SMF and 
SCF to enlarge the optical field in order to excite all the 
cores in SCF. Also, the same MMF is used in the output 
end to collect the light into SMF. 

Fig. 4 | Summarized extinction ratio as well as insertion loss variation when the SMF shifts away from the TMF in transverse direction

(a) and the spectra under different lengths of TMF from 0.8 m to 0.4 m (b). 

Fig. 5 | Collected optical spectra under different offset distances between SMF and four-mode fiber (a) and the summarized extinction

ratio as well as insertion loss variation with offset distance (b). 
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For the spectrum monitoring and dimension optimiza-
tion of interferometers, the output spectra of TCF and 
SCF interferometers are shown in Fig. 7. Figure 7(a) 
shows the optical spectra under different offset distances 
in TCF interferometer and Fig. 7(b) is the output spec-
trum of SCF interferometer. To determine the offset dis-
tance between the SMF and TCF for a desired spectrum, 
the spectral ER and insertion loss under different offset 

distances between SMF and TCF are summarized in Fig. 
8(a). The offset distance is determined to be around 6 m 
and the ER can achieve 4 dB. For SCF interferometer in 
the structure of SMF-MMF-SCF-MMF-SMF, the length 
of MMF need optimization and the relationship between 
ER and MMF length is shown in Fig. 8(b). Then, the 
length of MMF is chosen to be around 5 mm with 
achieved ER of 4 dB. 

Fig. 6 | Schematic diagrams of two MCF in-line interferometers: the TCF interferometer in the structure of SMF-TCF-SMF and the corre-

sponding output optical spectrum (a), the SCF in-line interferometer based on the structure of SMF-MMF-SCF-MMF-SMF (b). 

Fig. 7 | Optical spectra under different offset distances between SMF and TCF (a) and the desired spectrum obtained in the SCF in-line

interferometer (b). 

Fig. 8 | Summarized extinction ratio as well as insertion loss variation when the SMF shifts away from the TCF in transverse direction

(a) and the extinction ratio and insertion loss variation with different MMF lengths in SCF interferometer (b). 
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Vital signs monitoring experiments 

Aforementioned in-line interferometers using FMF and 
MCF are proposed aiming to achieve contactless vital 
signs monitoring. Firstly, these interferometers are fabri-
cated and packaged in the type of mat and then placed 
under the mattress to realize contactless monitoring. The 
vital signs signals, including respiration and heartbeat, 
introduce pressure and vibration changes on the sensing 
FMF and MCF. As a result, the optical spectrum shifts 
accordingly. In another way, under single-wavelength 
operation, the output optical intensity changes and the 
amplitude as well as frequency can be detected for later 
respiration and heartbeat signals extraction. The vital 
signs monitoring experimental setup is shown in Fig. 9. A 
tunable laser source (TLS) is used as the light source and 
a low-speed photodetector is utilized to convert optical 
signal to electrical signal so that the following data acqui-
sition (DAQ) card can collect the signals with specific 
sampling rate. The sampling rate of DAQ card is 1 kHz. 
The computer is used for data collection and further pro-
cessing. The subjects under test are selected in good 
health conditions with no history of pulmonary and heart 
diseases. During the experiment, the subjects lay on bed 
firstly and keep stable breath and heartbeat. Prior to data 
collection, the wavelength of laser source is tuned and an 
oscillation waveform can be observed, which corresponds 
to the optical spectrum essentially. Then, the wavelength 
is fixed to the center point of one rising edge in the spec-
trum to make sure the system works in the sensitive as 
well as quasi-linear region. As a result, the vital signs sig-
nals, including respiration and heartbeat, can be observed 
intuitively. For the experimental parameters, the lengths 
of both FMF and MCF are all around 1 m for the ease of 

packaging. The power of laser is around 0 dBm for FMF 
and MCF interferometers while the operation wave-
lengths are different in practice due to their different 
spectra. For FMF-based experiments, the TMF interfer-
ometer works under the wavelength of 1553.15 nm while 
four-mode fiber interferometer works under the wave-
length of 1565.2 nm. For MCF interferometers, the wave-
length is tuned to be 1560.2 nm and 1550.4 nm in TCF 
and SCF-based system, respectively. In fact, the vital signs 
monitoring system can also work with the same perfor-
mance under other wavelengths considering the perio-
dicity of the spectra shown above. 

Results 

Due to the intrinsic frequency difference of respiration 
and heartbeat, filtering technique is applied on the raw 
data to recover respiration and heartbeat signals, and HR 
and RR can be obtained eventually. Prior to vital signs 
signals extraction, noise is eliminated firstly. Then, based 
on the data with noise filtered out, a low-pass filter with 
cut-off frequency around 0.5 Hz is used to extract respi-
ration signal. Then, a high-pass filter is applied on the 
data and heartbeat signal can be recovered. The cut-off 
frequency of high-pass filter is also set to 0.5 Hz. Due to 
the signal quality difference from FMF and MCF inter-
ferometers, the cut-off frequency may vary within an ac-
ceptable range. For the vital signs monitoring results, it is 
worth mentioned that, the rate change or system nonlin-
ear functions will degrade the accuracy performance. For 
example, for patients who suffer from abnormal heartbeat 
activities, such as atrial fibrillation and arrhythmia, the 
HR accuracy obtained from the recovered heartbeat sig-
nal will be affected. On the other hand, when the system 
works under nonlinear conditions, such as the laser 
wavelength locating around dips or peaks in the optical 
spectrum, both the sensitivity and linearity will change 
due to the signal fading effect and the accuracy of RR and 
HR will be affected as a result. 

Vital signs monitoring results using FMF 

interferometers 

Following the filtering process introduced above, for FMF 
interferometers, the vital signs signals are recovered and 
corresponding HR as well as RR are obtained. The results 
are shown in Fig. 10. Figure 10(a) shows the recovered 
respiration and heartbeat signals using TMF interferom-
eter while Fig. 10(b) shows the results regarding 
four-mode fiber.  

Tunable laser source 

SMF FMF/MCF 

Photodetector + DAQ card 
Computer

Fig. 9 | Vital signs monitoring experimental setup, including the

in-line optical fiber interferometers based on FMF and MCF,

which are placed under the mattress, a TLS for wavelength

tuning and a photodetector as well as a DAQ card for data

collection. 
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To obtain HR and RR results, based on the recovered 
respiration and heartbeat signals, Fourier transform is 
applied. Then, according to the obtained peak frequency, 
HR and RR can be calculated in the unit of beats per mi-
nute (bpm). Furthermore, the intervals between peaks in 
recovered respiration and heartbeat signals are collected 
and summarized to get the error . For example, for 
breath signal of TMF within one minute, which locates at 
top left of Fig. 10(a). The RR calculated from Fourier 
transform results is 9 bpm and the breath interval error  
is 0.31 s. Similarly, for breath signal of four-mode fiber, 

the obtained RR is also 9 bpm and interval error  is 0.72 
s. The heartbeat results still follow the same analysis 
method and the results show that HR obtained from TMF 
and four-mode fiber are both 66 bpm and their heartbeat 
interval errors are 0.02 s and 0.08 s, respectively. It can be 
seen that, both HR and RR results locate in the normal 
range and the interval errors are small enough to guaran-
tee the accuracy for HR and RR estimation, which 
demonstrates the feasibility of FMF and MCF in-line in-
terferometers for simultaneous as well as accurate vital 
signs monitoring in the contactless manner. 

Fig. 10 | Vital signs monitoring results using the TMF in-line interferometer, including the recovered respiration and heartbeat waveform,

obtained RR (9 bpm) and HR (66 bpm) and interval errors (a), and the same results regarding the four-mode fiber interferometer (b). 
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Vital signs monitoring results using MCF 

interferometers 

Following the same filtering techniques, the vital signs 
monitoring results using MCF in-line interferometers are 
shown in Fig. 11. Results regarding TCF interferometer 
are shown in Fig. 11(a) while the SCF-based results are in 
Fig. 11(b). For TCF, the upper diagram exhibits the raw 
data and the lower are the recovered respiration and 
heartbeat signals. Corresponding RR and HR can be es-
timated by calculating the intervals between peaks as 
shown in Fig. 11(a). The obtained HR and RR are 9 bpm 
and 80 bpm, respectively. For the SCF interferometer, the 
low-pass filtered waveform can be used for RR calculation 
as shown in Fig. 11(b) while the filtered heartbeat results 
fail to be utilized to calculate HR. This may due to the 
weak interference between center core-mode and outer 
core-modes under large core pitch size. It is worth noted 
here that, to discuss the feasibility of optical fiber inter-
ferometers for vital signs monitoring with different health 
conditions, for example the heartbeat condition, another 
subject is selected for vital signs monitoring experiments 
based on the MCF interferometers. This is the reason why 
the HR obtained is different from that of FMF interfer-
ometers. In summary, TCF interferometer shows excel-
lent performance in both respiration and heartbeat sig-
nals monitoring while SCF interferometer can only detect 
the respiration signal. Other than static vital signs moni-
toring of subjects, the TCF in-line interferometer is also 
proposed for post-exercise physiological activities char-
acterization in terms of HR and RR variation. During the 

experiments, the subject performs the burpee exercise for 
around 20 times within one minute to increase the HR 
and RR, and then lay on bed right after the exercise. The 
data are collected and the same processing method in-
troduced above is utilized. The recovered respiration and 
heartbeat waveform as well as calculated HR and RR re-
sults are shown in Fig. 12. During the recovery process, it 
can be seen that the HR decreases from 100 bpm to 69 
bpm as shown in Fig. 12(a) while the RR changes from 12 
bpm to 9 bpm in Fig. 12(b) during the recover process. In 
addition, the amplitudes of both heartbeat and respiration 
also decrease accordingly. In conclusion, the post-exercise 
physiological activities characterization results demon-
strate the feasibility of optical fiber in-line interferometers 
for vital signs monitoring in some extreme conditions. 

In summary, the performance of FMF and MCF on vi-
tal signs monitoring is compared in terms of complexity, 
extinction ratio, insertion loss, sensitivity and vital signs 
signals. The results are shown in Table 1. 

Discussion 

As demonstrated experimentally, TCF shows excellent 
performance on vital signs monitoring. To explore the 
reason as well as the basic measurand in it, curvature 
sensing experiments using TCF interferometer are con-
ducted. The experimental setup follows the common one 
with two holders moving towards in steps for curvature 
variation on TCF. The curvature can be calculated from 
the distance between holders and the height of TCF pivot. 
The curvature sensing results are shown in Fig. 13. 

Fig. 11 | Vital signs monitoring results using the TCF interferometer, including the raw data, recovered respiration and heartbeat wave-

form for RR and HR calculation (a) and the respiration monitoring results using the SCF interferometer (b). 
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The curvature sensing experiments are performed un-
der different axial orientation angles of TCF, as shown in 
Fig. 13. For example, with orientation angle of 0o, mean-

ing that the bending direction (red arrow) is along the 
twin-core direction, wavelength shift is recorded under 
curvature from 0 m-1 to 1 m-1. The achieved sensitivity 

Table 1 | Performance comparison of FMF and MCF on vital signs monitoring. 

Optical fiber Complexity Extinction ratio Insertion loss Sensitivity Vital signs signals 

Two-mode fiber Low 12 dB -20 dB Medium HR and RR 

Four-mode fiber Low 14 dB -25 dB Medium HR and RR 

Twin-core fiber Medium 4 dB -25 dB High HR and RR 

Seven-core fiber High 4 dB -28 dB Low RR 

Fig. 12 | Post-exercise physiological activities characterization results using the TCF in-line interferometer, including the recovered 

heartbeat waveform (a) and respiration waveform (b) and calculated HR and RR. 
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under this orientation angle is as high as 18 nm/m-1. This 
may stand out among current curvature sensors. Then, 
TCF is rotated to 120o on both ends and the same curva-
ture sensing experiment is conducted. In summary, with 
fiber twist angle of 0o, 120o, 240o, 360o, the sensitivity can 
achieve 18 nm/m-1, -7.5 nm/m-1, -13 nm/m-1, 18 nm/m-1, 
respectively. This sensitivity difference is introduced by 
the different length changes of arms in different orienta-
tions under identical curvature, which could be analyzed 
using the bending model36. Therefore, it can be concluded 
that, the high curvature sensitivity of TCF interferometer 
contributes to its excellent performance on vital signs 
monitoring. 

Conclusions 
In this paper, FMF and MCF based in-line interferome-
ters are proposed for contactless vital signs monitoring, 
including HR and RR. FMF interferometer is designed 
with SMF sandwiched on both ends, and the offset be-
tween SMF and FMF is applied for mode excitation in 
order to form mode interference. Two kinds of FMF are 
investigated, including TMF and four-mode fiber, and 
optical spectra under different offset distances are col-
lected. The dimension of interferometer is optimized 
considering the ER and insertion loss with offset distance. 
For MCF interferometers, TCF and SCF are utilized and 
desirable optical spectra are obtained for vital signs mon-
itoring. FMF and MCF interferometers are packaged un-
der the mattress to perform vital signs monitoring ex-
periments. Filtering technique is applied on the collected 
raw data and reasonable cut-off frequencies are selected. 
For FMF, both respiration and heartbeat signals are re-
covered successfully, and HR and RR are obtained with 
acceptable accuracy. On the other hand, the TCF inter-
ferometer could realize HR and RR monitoring with best 
performance while the SCF-based can detect RR. Theo-
retically, mode excitation and interference are simulated 
in FMF, the results of which agree well with the experi-
ment. Curvature sensing experiment is conducted using 
TCF interferometer and the achieved high sensitivity 
supports its excellent vital signs monitoring performance. 
In conclusion, FMF and MCF for contactless vital signs 
monitoring are demonstrated successfully, which shows 
their potentials on future healthcare applications. 
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