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Simulations of ultra-high sensitivity RI sensor in tri-
ple-core fiber with modified Vernier effect: Application in 
marine RI measurement*  
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We proposed an ultra-high sensitivity triple-core fiber refractive index (RI) sensor with a modified Vernier effect for 

marine RI measurement and demonstrated it by numerical simulation. This sensor composes a pair of parallelized spa-

tial mode Mach-Zehnder interferometers (MZIs), both of which are involved in sensing, but possess different interfer-

ing modes. By designing an MZI RI fiber optic sensor based on Vernier effect in air, it is demonstrated that in the low 

RI such as air environment, only the modes involved in sensing interference are affected by the environment to gener-

ate Vernier effect. In the high RI marine environment, both sensing interferometer and reference interferometer need to 

be affected by the ambient RI to generate Vernier effect. The simulation results indicate that the proposed novel sens-

ing structure can amplify its sensitivity from −15 428 nm/RIU to −24 857 nm/RIU in the marine environment. 
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The oceans cover 71% of the earth’s surface and contain 
99% of the living space on the earth, yet less than 10% 
have been explored so far[1,2]. Oceans are the main car-
bon sink and play an important role in regulating the 
global climate[3,4]. As human activities become more 
frequent, the marine environment is increasingly af-
fected. Massive emissions of greenhouse gases are caus-
ing increased sea level rise and more and more extreme 
weather[5-7]. Ocean acidification causes mass coral 
bleaching and weakens the skeletons of crustaceans[8-10]. 
Marine pollution from human emissions, such as mi-
croplastic particles[11], heavy metals[12], red tides[13], and 
other serious threats are harmful to biosecurity. There-
fore, more and more scientists are focusing on the re-
search of sensing, detection, and removal of marine pol-
lutants, especially those in marine. 

Many types of sensors for marine applications have 
been reported in recent years. Fiber optic sensor is an 
excellent sensor with compact structure, high sensitivity, 
anti-electromagnetic interference, and corrosion resis-
tance, which is very suitable for application in the com-
plex marine environment[14]. In 2020, QIAN et al[15] used 
a large core offset splicing sensing structure to measure 
the temperature in marine environment with a sensitivity 

of 2.293 pm/°C. In 2021, CHEN et al[16] used a 
self-referencing optical fiber pH sensor with a precision 
of approximately 0.02 pH units. In 2022, LIU et al[17] 
used multiple-fiber Bragg grating for the measurement of 
depth, vibration, and temperature. However, there are 
still some problems with fiber optic sensors, such as in-
sufficient sensitivity and complex structures.     

In fiber optic sensors, the Vernier effect of interference 
superposition has the effect of sensitivity amplifica-
tion[18,19]. In 2018, ZHAO et al[20] reported a relative hu-
midity sensor based on the Vernier effect with 
GQDs-PVA un-fully filled in hollow-core fiber, the sen-
sitivity changing from 19.63%RH to 78.86%RH. In 
2020, LU et al[21] constructed a label-free Vernier pres-
sure sensor by few-mode fiber, and the sensitivity is up 
to 4.072 nm/MPa. In 2022, HUANG et al[22] reported a 
high and online tunable sensitivity fiber temperature 
sensor based on the Vernier effect, and the sensitivity is 
up to −9.99 nm/°C. More and more scholars are applying 
the fiber optic Vernier effect in the field of gas sensing 
detection, but less in the field of seawater detection. This 
is because the refractive index (RI) of seawater is much 
higher than that of air, which will greatly inhibit the Ver-
nier effect. At the same time, the currently reported fiber 
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optic Vernier sensors for the generation of multiple in-
terference superposition, are using a complex fiber 
structure that has a certain production difficulty and high 
cost.  

In this paper, a spatial pattern modulated triple-core 
fiber sensor for the marine environment is designed and 
its optimal sensing structure parameters are theoretically 
investigated. In the micro-SMF length of 1 200 �m, the 
amplification factor M of the sensor Vernier effect is 
about 11.5, and the sensing sensitivity is amplified from 
−12 828 nm/RIU to −19 343 nm/RIU. Compared with 
the existing marine fiber sensor, the sensing structure we 
designed has the advantages of high sensitivity and sim-
ple structure. We also designed a Mach-Zehnder inter-
ferometer (MZI) RI fiber optic sensor based on the 
Vernier effect in air, which only demonstrated the modes 
involved in sensing interference are affected by the en-
vironment to generate the Vernier effect. However, in the 
high RI marine environment, both the sensing interfer-
ometer and reference interferometer need to be affected 
by the ambient RI to generate the Vernier effect. 

Firstly, we designed a typical MZI fiber optic Vernier 
sensor suitable for application in air, as shown in Fig.1. 
The fiber optic sensing structure consists of three com-
mon single-mode fibers (SMF) SMF-1, SMF-2, and 
SMF-3 fused in a staggered manner. The core diameter 
of SMF is 9 �m and the RI is 1.449 2. The cladding di-
ameter is 125 �m and the RI is 1.444. The misalignment 
between SMF-1 and SMF-2 is 62.5 �m, with half of the 
core exposed. SMF-2 and SMF-3 have opposite cores, 
and the whole structure is symmetrically distributed. 

 

Fig.1 The structure of MZI fiber optic Vernier sensor 

Due to the mismatch between SMF-1 and SMF-2, 
light is no longer bound in the core, but enters the air and 
cladding with different RIs, and a series of high-order 
modes will be formed, with mainly three modes shown 
in Fig.1. 

Mode 1 is transmitted in the air inside the mismatched 
U-cavity, which has a fast decay rate due to the low RI of 
air and the influence of external environment. Mode 2 is 
transmitted in the SMF-2 cladding, which is less influ-
enced by the environment, but its transmission does not 
satisfy the total reflection theorem and has a fast decay 
rate. Mode 3 is transmitted along the meridional plane in 
SMF-2, which is continuously reflected forward and ap-
proximately satisfies the condition of total reflection, and 
the intensity decay rate is low. Therefore, the effect of 
different mismatch lengths on the intensity number and 
superposition of modes is an important condition for 

obtaining the Vernier effect. 
The spectra of the MZI fiber optic Vernier sensor with 

different mismatch lengths in the air were simulated and 
the results are shown in Fig.2. From Fig.2(a) and (b), it 
can be concluded that when SMF-2 approaches 700 �m, 
the intensity of the three modes decays to a comparable 
level and the Vernier effect gradually appears. When the 
mismatch length increases to 1 100 �m, high-order 
modes in SMF-2 are involved in the process of interfer-
ence superposition, and the envelope pattern is no longer 
uniform. From Fig.2(c), it can be seen that the free spec-
tral range (FSR) and contrast ratio of the Vernier enve-
lope gradually increase with the increase of the SMF-2 
length, which provides a convenient way to improve the 
sensitivity and sensing range. This illustrates the basic 
principle of generating the Vernier effect in fiber optic 
sensors: modulation in the fiber generates multiple spa-
tial modes and directs the modes to interfere with each 
other for superposition. 
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Fig.2 Influence of SMF-2 on Vernier spectra in air: (a) 
Transmission spectrum; (b) Spectral envelope; (c) 
FSR and contrast ratio of envelope  

As shown in Fig.3(a) and (b), we calculated the spec-
tral data of the MZI fiber optic Vernier sensor with an RI 
of 1.34 to simulate the marine environment, and found 
that the marine environment is very different from the 
air, and the Vernier envelope of this sensor no longer 
appears after entering the marine environment. 

 

Fig.3 Spectra in marine environment: (a) Transmis-
sion spectra of different SMF-2 lengths; (b) Compari-
son of marine and air environment  

This is analyzed because the RI inside the U-cavity 
has changed significantly. The RI of quartz fiber is usu-
ally at 1.44, the seawater is usually at 1.34, and the air is 
approximately considered as 1, so the effective RI dif-

ference inside the U-cavity is reduced from approxi-
mately 0.44 to 0.10. Effective RI difference can be ex-
pressed as 

eff fiber environment .n n n� � �                         (1) 
The expression of FSR of the interference spectrum is 

as follows 

1
1

eff

,m m
m mFSR

n L
�

�� � �
�
� �

� �                     (2) 

where L is the optical path difference of the interference, 
which is represented here as the length of SMF-2. This 
shows that the FSR1 formed by the interference of mode 
1 and mode 2, which is called sensing interferometer, 
will increase significantly. As shown in Fig.3(b), FSR1 
increases from 6 nm to 18 nm. Mode 2 and mode 3 are 
only transmitted in SMF-2, which is less affected by the 
change of RI of the environment, so FSR2 of the refer-
ence interferometer does not change much. FSR1 will be 
larger than FSR2, so we will not be able to observe the 
Vernier envelope. For this reason, we design a new sens-
ing structure, its two interferometers will receive the ex-
ternal environmental RI perturbation, while the spatial 
mode regulation is more convenient, the formation of a 
purer spectrum, easier to obtain the Vernier effect in the 
marine environment, and amplify the sensing sensitivity. 

We propose a new Vernier sensor, as shown in 
Fig.4(a). The structure consists of an SMF that intro-
duces the light source, followed by a section of multi-
mode fiber (MMF) fused to a length of 500 �m, which is 
intended to better excite the high-order modes in the fi-
ber. Then a section of triple-core fiber, which is capable 
of spatial mode modulation, excites three modes that 
account for the dominant optical field energy, where 
mode 1 and mode 2 are transmitted in the U-cavity, sub-
ject to the environment. Mode 3 is transmitted in a mi-
cro-SMF with a cladding diameter of 40 �m and a core 
diameter of 4 �m. The micro-SMF is followed by a 
500 �m MMF for mode interference and interference 
superposition, and the SMF is used to connect the optical 
signal to the spectrometer. The end-face structure is 
shown in Fig.4(b), where three cores are located side by 
side on the same diameter of the fiber, with a core di-
ameter of 9 �m and a core-to-core distance of 31.25 �m. 
The core RI of triple-core fiber is 1.449 2, and the clad-
ding RI is 1.444, the same as the MMF and micro-SMF. 

From the previous analysis, it is known that the FSR of 
the interference spectrum is mainly affected by the length 
of the U-cavity, the same as the length of the micro-SMF. 
Therefore, we designed the sensors with different mi-
cro-SMF lengths and simulated the marine environment. 
As shown in Fig.5, it is found by the spectral analysis 
that as the micro-SMF length increases, the Vernier en-
velope gradually appears when the length reaches 
900 �m. 

MMF excites multiple high-order modes, and then the 
triple-core fiber controls the three main modes into the 
next sensing channel. With the limitation of MMF length, 
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mode 2 in the middle core has the highest energy. When 
entering the U-cavity part, mode 3 couples again into the 
micro-SMF with a finer core, the coupling efficiency is 
low, so the intensity of mode 3 is smaller than that of 
mode 1. In this sensor, the interference between mode 1 
and mode 2 forms the sensing interferometer, and the 
interference between mode 2 and mode 3, mode 1 and 
mode 3 both form the reference interferometer. The in-
terference between mode 1 and mode 3 has a similar 

optical path difference with the interference between 
mode 1 and mode 3, so the FSR is similar and will not 
affect the Vernier amplification. When the length of mi-
cro-SMF is very short, the intensity of the sensing inter-
ferometer will mask the reference interferometer, and the 
Vernier envelope cannot appear. When the three control-
lable modes decay to a comparable level, the interfer-
ometric superposition of multiple beams starts to appear 
as a cursor envelope. 

 

 
Fig.4 The new Vernier sensor: (a) Schematic diagram of the sensing structure; (b) End face of the three-core fiber 

 

  
Fig.5 Effect of micro-SMF length on the Vernier sen-
sor spectra of spatial mode modulated three-core 
fiber 

 
When the length of micro-SMF increases to 1 300 �m, 

the intensity of mode 1 and mode 3 decays, and the 
sensing interferometer will be masked into the reference 
interferometer, and FSR1 cannot be observed, as shown 
in Fig.6(a). The formula for the cursor envelope is as 
follows, and it is usually necessary to obtain FSR1 and 
FSRenvelop to reveal the principle of cursor sensitivity am-
plification. When the length of micro-SMF is 1 200 μm, 
the Vernier envelope is obvious, as shown in Fig.6(b). 

2 1
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FSR FSR
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The sensing amplification capacity of the Vernier en-
velope is usually expressed in terms of the M-factor, and 
the specific expression is as follows 
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Fig.6(c) represents the fast Fourier transformation 
(FFT) of the reflection spectra in Fig.6(b). The calculated 
FSRs from the sensing and reference cavities matched 
the spatial frequencies of the FFT spectrum. As shown in 

Fig.6(b), peak 1 corresponds to the sensing interferome-
ter, and peak 2 and peak 3 correspond to the reference 
interferometer. Through FIR bandpass filters, we can get 
the sensing interference spectra and reference interfer-
ence in Fig.6(d).  

From Fig.6(b) and (d), we know that FSRen-

velop=197 nm, FSR1=17 nm, and the amplification 
M-factor is about 11.5 when the length of micro-SMF is 
1 200 μm. 

The RI of seawater is greatly affected by temperature, 
salinity and latitude, and is generally distributed between 
1.34—1.35. In the offshore areas where human activities 
are frequent and detection needs are greater, the RI of 
seawater is usually around 1.34. The maximum sensing 
sensitivity can be obtained when the micro-SMF length 
is 1 200 �m. The transmission spectra and wavelength 
shift of the sensing interference are shown in Fig.7(a) 
and (b), and the sensing sensitivity is calculated to be 
−12 828 nm/RIU with a variance of 0.997 0. The varia-
tion of the Vernier envelope with the RI gradient is 
shown in Fig.7(c) and (d), and the sensing sensitivity is 
−19 343 nm/RIU with a variance of 0.969 5. This dem-
onstrates that the Vernier envelope is useful for sensitiv-
ity amplification. 
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Fig.6 (a) Envelopes in different lengths of micro-SMF; 
(b) Spectrum and envelope diagram at 1 200 μm; (c) 
Fast Fourier transformation (FFT) spectrum of (b); (d) 
Interference spectra after FIR bandpass filters 

 
 

 
 

 
Fig.7 Transmission spectra and wavelength shift for 
micro-SMF length of 1 200 μm: (a) Sensing interfer-
ence spectra; (b) Sensing interference wavelength 
drift; (c) Vernier envelope spectra; (d) Vernier enve-
lope wavelength shift  

 
Tab.1 Comparison between Vernier sensor and other 
structures in marine environment 

Sensing technology Detection target Sensitivity 

Hybrid structure MZI  Salinity 64 pm/%[23] 

Pair FBGs Pressure 1.198 nm/MPa[24] 

Large core offset 

interferometer 
Temperature 2.293 pm/°C[25] 

This work RI -19 343 nm/RIU 
 

At present, fiber optic sensors used in the marine en-
vironment mainly realize the detection of physical values 
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such as temperature, salinity, and pressure. This is 
mainly because the current sensor is not sensitive, so the 
sensor we proposed can be applied to the detection of 
marine substances in the future. 

In conclusion, through the design and simulation of 
the triple-core fiber RI sensor and MZI Vernier fiber 
sensor, it is found that in a low RI air environment, only 
sensing interference is required to be affected by the en-
vironment to achieve Vernier amplification. However, in 
a high RI marine environment, both sensing interference 
and reference interference need to be affected by the am-
bient RI, which increases the difficulty of sensor design. 
The proposed sensor realizes Vernier amplification in the 
marine environment through precise mode regulation, 
and its sensitivity increases from −12 828 nm/RIU to 
−19 343 nm/RIU, and its optimal structural parameters 
are obtained. 
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