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Abstract: In this paper, a theoretical analysis of how the excitation conditions affect the sapphire 
fiber Fabry-Perot interferometer (SFPI) visibility was performed. The conditions were considered, in 
which an SFPI was excited by a single-mode fiber (SMF), a multimode fiber (MMF), and a fiber 
collimator. The finite difference method (FDM) was used to realize the numerical solution of the 
modal electric fields, and then, the modal excited distributions in the sapphire fiber and the SFPI 
visibility were calculated. The results showed that different numbers of modes were excited in 
sapphire fibers under different excitation conditions and finally affected the fringe visibility of the 
SFPI. The fiber collimator excited the fewest modes and the visibility remained at the highest level. 
Finally, an experiment was performed, and the experimental results agreed well with the theoretical 
results. 
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1. Introduction 

Fiber sensors have attracted much attention in 

recent years due to advantages, such as the small 

size, light weight, immunity to electromagnetic 

interference, and ease of embedding. Regular silica 

fiber sensors cannot be used in environments over 

1 000  because they will be soft. To meet ℃ the 

demand of sensing under ultrahigh temperature 

circumstances, sapphire fibers, whose melting point 

is 2 050 , have shown great prospects. ℃ To avoid 

the effect of birefringence, the sapphire fibers used 

for sensing are usually c-axis sapphire fibers, the 

profiles of which are hexagons. The diameters of the 

circumcircles of the hexagonal sapphire fibers are 

usually 50 m to 200 m without a cladding layer. 

Many researchers are studying the addition of a 

cladding layer to sapphire fibers [1–4]. However, the 

mismatch in the thermal expansion coefficient 

between the core and cladding layer brings 

significant challenges, preventing the widespread 

application at present. The non-cladding structure 

makes the refractive index (RI) difference between 

the core layer (the RI of sapphire is 1.762) and 

cladding layer (the RI of air is approximately 1) very 

large and further results in a large transmission loss 
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and a large number of modes, which brings issues 

for phase demodulation sensing systems, such as 

Fabry-Perot (FP) sensing systems. 

A sapphire fiber FP sensing system consists of a 

sapphire fiber FP interferometer (SFPI), a 

transmitting fiber, and a source/signal processing 

system. Because of the large transmission loss, the 

length of the sapphire fiber used in the sensing 

system should be short. Therefore, sapphire fibers 

are only used in high-temperature areas, and a silica 

fiber is coupled with the SFPI to transmit light 

signals between the source/signal processing system 

and the SFPI. Each mode in the SFPI forms a 

sine-like function spectrum. The spectra generated 

by different modes have different periods, and the 

superposition of these spectra generates a new 

sine-like function but with the low visibility. As the 

number of modes is relatively large in sapphire 

fibers, the visibility of the SFPI spectrum is 

relatively low. 

One of the methods to improve the visibility is to 

increase the parallelism of the FP end face. J. Wang 

et al. [5] improved the polishing technique and 

fabricated multiplexed sapphire FP sensors for 

temperature sensing. Y. Zhu et al. [6, 7] used 

sapphire wafers, the two faces of which were highly 

parallel, to fabricate FP temperature sensors. This 

structure was also later used for pressure sensing 

[8–10]. The other method is to decrease the number 

of modes in the sapphire fiber. Y. Cheng et al. [11, 

12] offered a windmill-structure fiber design to filter 

high-order modes. C. Hill et al. [13, 14] used a wet 

etching method to successfully fabricate 

single-mode sapphire fibers. X. Feng et al. [15] 

filtered the high-order modes in an SFPI by using a 

multistage fiber, which was fabricated by fusing 

silica fibers with different core diameters. J. Zhang 

et al. [16] presented a high-visibility sapphire FP 

sensing system by using a fiber collimator to control 

the divergence angle of the light, before it was 

injected into the SFPI. 

Compared with the parallelism-improvement 

method, the method of reducing the number of 

modes is more effective in improving the SFPI 

visibility. It is necessary to perform theoretical 

analyses to summarize the above regularity and 

provide directions for further research. F. Pérennès 

et al. [17] built a model of low-finesse FP sensors 

illuminated by a multimode optical fiber based on 

the geometrical optics knowledge. They deduced the 

equation of the visibility and researched how the 

cavity length, tilt, and wedge affected the FP 

interferometer (FPI) visibility. M. Han et al. [18, 19] 

presented a model of low-finesse multimode fiber 

FP interferometers based on wave optics. In addition 

to the cavity length and wedge, their model also 

included how the mode power distribution affects 

the visibility. W. Dai et al. [20] investigated the 

effect of light source injection conditions on the 

field distribution of polymer multimode fibers 

(MMFs) with the beam propagation method. With 

the simulated distribution, they realized the 

relationship between the modal power and the offset 

length, and finally explained how the offset launch 

technology reduces the differential modal delay. F. 

Mumtaz et al. [21] demonstrated the number of 

strongly guided modes propagating in sapphire 

fibers by solving the modal equation with a 

numerical solution method. The eigenmode values 

were obtained by using a numerical root finder. With 

the eigenmode values, the confinement loss 

parameter and dispersion parameter were also 

calculated. 

In this paper, theoretical research on how 

different excitation conditions affect the 

hexagonal-profile SFPI visibility is performed. 

Three different excitation conditions, in which the 

SFPI is excited by a single-mode fiber (SMF), an 

MMF, and a fiber collimator, are studied. In Section 

2, a theoretical analysis is performed on the 

excitation conditions caused by different 

transmitting fibers. In Section 3, the SFPI fringe 
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visibility under different excitation conditions are 

calculated. Section 4 presents an experiment to 

verify the theoretical analysis. 

2. Analysis of modal excitation conditions 

2.1 Theory 

Figure 1 shows a schematic of a typical SFPI. 

The light from the transmitting fiber is coupled into 

the sapphire fiber and excites different modes Ek 

(k = 1, 2, , N). Two sapphire fibers, which are 

placed against each other with parallel end faces R1 

and R2, form the FP cavity. The light reflected from 

end faces R1 and R2 interferes and forms a sine-like 

function spectrum whose period is related to the 

cavity length. For the convenience of analysis, the 

sapphire fiber is assumed to be a regular waveguide, 

which means that the modes transmitting in the fiber 

are orthogonal, and the coupling phenomenon will 

not occur between the modes with different mode 

orders. 

Z axis 

Ein 
Ek 

(k = 1, 2, 3, , N)

Transmitting fiber Lead-in sapphire 
fiber 

R1 R2 

FP cavity 

Reflect 
sapphire fiber

 
Fig. 1 Schematic of a sapphire FP interferometer. 

With different transmitting fibers, the electric 

field coupled into the sapphire fiber is different, and 

then, the excitation level of each mode is different. 

The optical path differences (OPDs) between 

different modes are the main factors that influence 

the SFPI visibility, so the different modal excited 

distributions will influence the SFPI spectrum 

visibility. 

The total number of modes in a sapphire fiber 

can be approximately calculated by [22] 
2

2 2
1 22
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In the equation, λ0 = 1.55 μm; a = 125 μm, which is 

the diameter of the sapphire fiber; n1 = 1.762, which 

is the RI of the sapphire fiber; n2 = 1, which is the RI 

of the air cladding. 

In practice, not all the modes can be excited. The 

excitation level of the kth mode in the sapphire fiber 

can be described by the coupling efficiency between 

the mode and the input field, calculated by (2) 
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where Ein is the output electric field of the 

transmitting fiber, Ek is the electric field of different 

modes in the sapphire fiber, and R is the cross 

section of the sapphire fiber. For the convenience of 

analysis, the electric fields Ek are normalized by (3) 
2

d d 1k

R

x y  E .            (3) 

The excitation levels of all the modes in the 

sapphire fiber form the modal excited distribution. 

From (2), it can be seen that to calculate the modal 

excited distribution, the electric fields of the 

transmitting fiber and the electric field of each mode 

in the sapphire fiber need to be calculated first. 

2.2 Numerical solution of electric fields in the 
sapphire fiber 

Figure 2 shows the cross section of the sapphire 
fiber we analyzed. The diameter of the sapphire 
fiber is 125 μm with a hexagonal profile. The RI of 
the sapphire is n1 = 1.762. Outside of the fiber is the 
square-profile air cladding layer with an RI of n2 = 1. 
The edge length of the air cladding is set as 175 μm. 
As the electric field we are calculating is a steady 
field, the Maxwell equation can be changed into the 
Helmholtz equation [23]. In the core layer, the 
Helmholtz equation can be expressed as 
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and in the cladding layer 
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where Ecore is the electric field in the core layer, 
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Ecladding is the electric field in the cladding layer, n1 is 

the RI of the core layer, n2 is the RI of the cladding 

layer, β is the propagation constant, and k0 = 2π/λ. 

There is an interface condition: 

core claddingE E .            (6) 

Unit: m

175 

175 0 

33.375

108.25

33.375

25 25 

Sapphire

125 

 
Fig. 2 Geometry parameters of the sapphire fiber. 

Only light that satisfies the total-reflection 

condition can be transmitted in the fiber. Evanescent 

field theory shows that when total reflection occurs, 

the light will penetrate into the optically thinner 

medium [22]. The order of the magnitude of the 

penetration length will be the same as that of the 

light wavelength. As the light wavelength in our 

analysis is 1.55 μm, it can be assumed that the air 

cladding layer we set is large enough such that the 

light cannot be transmitted to the air layer boundary. 

And then, the boundary condition can be written as 

0 E                (7) 

where Ω is the boundary of the square air cladding 

layer. 

As the sapphire fiber is a hexagonal-profile light 

waveguide, the proper method is to use a numerical 

solution, transforming the differential equation into 

a difference equation and solving it. The finite 

difference method (FDM) is used to solve the 

equation. First, the solution area should be 

discretized. In this work, a square mesh can satisfy 

the calculation. The mesh size should be smaller 

than the wavelength of the light, and considering the 

computation speed, it should not be too small. 

Therefore, the edge lengths of each element are set 

as hx = hy = h = 0.5 μm, which is smaller than 1/3 of 

the wavelength of the light, and the whole area is 

divided into 350×350 elements. Second, the 

differential equation is transformed into a difference 

equation by the five-point method, which is stable 

on the Dirichlet boundary for elliptic problems [24]. 

The electric field intensity at each mesh point is 

recorded as an array: Ek = (E1,1, E2,1, E3,1, , EM1,1, 

E1,2, E2,2, , EM1,N1)T, with M = N = 350. The 

differential term at each mesh point can be 

approximated by the difference term: 
2
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Therefore, for a mode with the propagation 

constant βk, the equation at any mesh point is 

1, , 1, , 1 , , 1

2 2

2 2i j i j i j i j i j i jE E E E E E

h h
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   

2
,( ) 0 l k i jEC            (10) 

where   2 2
0l ln kC , l = 1 for the core layer, l = 2 for 

the cladding layer, and βk is the propagation constant 

of the kth mode.  

Equation (10) can be presented as the following 

matrix equation: 

2
, ,2

1
( ) ( ) 0    x x y y k l k kh d d E C E E .  (11) 

In the equation, Ek = (E1,1, E2,1, E3,1, ···, EM1,1, 

E1,2, E2,2, , EM1,N1)T. And the parameters dx,x, dy,y, 

and Cl are carefully introduced in the Appendix. 

Equation (11) can be transformed into an 

eigenvalue equation by combining it with (12) 

2
, ,2

1
( )  x x y y l k k kh

d d C E E .     (12) 

By solving (12), a series solution of the 

eigenvalue βk and eigenvector Ek can be calculated. 

Each βk is the propagation constant of a guide mode 

in the sapphire fiber. The electric field of each mode 

can be demonstrated by the restoring eigenvector Ek 

into a 349×349 matrix and adding the boundary 

condition in (7). The mode electric field is then 
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normalized by (3). Figure 3 shows the fields of 

several typical modes calculated by MATLAB. 

 

 
X (m) 

(a) 

 

Y
 (
m

) 

150 

100 

50 

50 150 100
0 

0 
–0.020

–0.015

–0.010

–0.005

0 

0.005

0.010

0.015

0.020

N
or

m
al

iz
ed

 in
te

ns
it

y 
 

 
Fig. 3 Electric field of different modes in the sapphire fiber: 

(a) k = 1, (b) k = 2, (c) k = 40, and (d) k = 299.  

As mentioned before, the air cladding layer 

should be large enough to satisfy the boundary 

condition in (7). Figure 4 shows the electric field 

intensity along the diagonal line Y = 72.5 μm. The 

coordinates of the fiber boundary are X = 25 μm and 

X = 150 μm. The electric field intensity decreases to 

zero at the boundary. This result proves that the 

setting of the size of the air cladding is reasonable. 

As the curve is convergent and smooth, the setting 

of the mesh size is reasonable. 
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Fig. 4 Electric field intensity distributions of different modes 
along the diagonal line: (a) k = 1 and (b) k = 299. 

2.3 Emitted electric field of an SMF and an MMF 

With the same method, the emitted electric fields 

of an SMF and an MMF are calculated. The core 

diameters of the SMF and MMF are 9 μm and 

105 μm, respectively. It should be mentioned that the 

emitted field of the MMF is the summation of the 

electric fields of all the modes in the fiber. As the 

MMF is long and curved in practical use, the modes 

can be assumed to be uniformly excited, that is, 

pMK = 1/NMMF. The results are shown in Fig. 5. 
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Fig. 5 Emitted electric field: (a) SMF and (b) MMF. 

2.4 Emitted electric field of the fiber collimator 

A schematic of the collimator-based SFPI is 

shown in Fig. 6. A fiber collimator, which replaces 

the MMF, is used as the transmitting fiber. The fiber 

collimator is made by fusing a section of a 

graded-index fiber (GIF) with an SMF [16]. The 

length of the GIF is a quarter of its self-imaging 

period, so the GIF can work as a collimator. With 

the help of the collimator, the visibility of this 

system is significantly improved. 

Lead-in 
sapphire fiber 

FP cavity 
SM fiber Fiber 

collimator 

Reflected 
sapphire fiber

 

Fig. 6 Schematic of the collimator-based sapphire fiber FP 
sensing system. 

The simulation is performed with the RSOFT 
software to calculate the emitted electric field of the 
collimator. The simulation model is set as shown in 
Fig. 7(a). The GIF with a diameter of 62.5 μm is 

coupled with an SMF with a diameter of 9 μm. 
Because the length of the SMF does not affect the 
light transmission in the GIF, the length of the SMF 
is set to be short to increase the simulation speed, 
with a value of 50 μm. The RI of the GIF is set as 
(13), and the self-imaging period of the GIF can be 
calculated, which is 816 μm. Therefore, the length 
of the GIF used as a collimator is 204 μm. 
Figure 7(b) shows the simulation result. The electric 
field is mainly focused in a circle with a diameter of 
40 μm: 
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where n is the RI, r is the distance between the point 

and the center of the fiber, n1=1.46 is the RI of the 

core layer, n2=1.42 is the RI of the cladding layer, 

and   is the relative difference between n1 and n2. 
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Fig. 7 Simulation model and the result: (a) model set in the 

simulation and (b) simulation result of the emitted electric field 
of the fiber collimator.  
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2.5 Results and analyses 

With the electric fields, the modal excited 

distribution can be calculated with (2). We 

calculated the coupling efficiency of the first 400 

modes in the sapphire fiber. The values of the 

summation of all 400 mode coupling efficiencies for 

the three excitation conditions were 0.971 3, 0.999 0, 

and 0.999 7, which mean that modes whose orders 

are higher than k = 400 can be neglected when 

performing the analyses. The result is shown in Fig. 8. 
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Fig. 8 Modal excited distributions of the sapphire fiber under 

different excitation conditions: (a) SMF excitation, (b) MMF 
excitation, and (c) fiber collimator excitation. 

The maximum coupling efficiency values in the 

three conditions are 0.122, 0.047, and 0.378. It is 

assumed that the modes whose coupling efficiency 

is less than 1% of the maximum value can be 

identified as not excited. Then, the numbers of 

excited modes under the three conditions can be 

counted, which are 46, 128, and 6. 

It can be seen that when being excited by an 

MMF, the number of excited modes is the largest, 

and the excited modes are mainly distributed in the 

first 200 modes. When being excited by an SMF, the 

number of excited modes is fewer, and the modes 

are dispersed among all the modal orders. Finally, 

with the help of the fiber collimator, the number of 

excited modes in the sapphire fiber is dramatically 

reduced to 6. The power is mainly focused on the 

three modes whose mode order is k = 1, 6, and 15. 

Figure 9 shows the electric field of these three 

modes along with the emitted field of the collimator. 

The 6th mode in the sapphire fiber best matches the 

collimator, so it has the largest coupling efficiency 

value. 
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Fig. 9 Electric field of the fiber collimator and the main 

excited modes in the sapphire fiber: (a) 1st mode, (b) 6th mode, 
and (c) 15th mode. 

3. Visibility 

With the modal excited distribution pk and the 

electric fields in the sapphire fiber Ek, the total 

electric fields in the sapphire fiber can be expressed 

as 

total
1
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where ψk is the absolute value of the intensity of 

each point in electric fields Ek, ek is a unit vector 

representing the polarization of the mode. 

As the electric fields Ek are orthogonal and 

normalized, the intensity of the light can be 

expressed as 
*
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The sapphire fiber FPI visibility can be 

expressed as [18] 
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where xf  and yf  are the spatial frequencies, and 

,x yF  and 1
,


x yF  are the two-dimensional discrete 

Fourier transform and inverse transform. 
Moreover, 
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where d is the cavity length, θmax = arccos(βmax/(n1k0)) 

is the maximum divergence angle of the light, 

n1 = 1.762, k0 = 2π/λ, λ = 1.55 μm, and βmax is the 

maximum value of all the propagation constants βk, 

which is defined in (12). 

The calculation result is shown in Fig. 10. It 

shows the relationship between the visibility and the 

FP cavity length when the sapphire fiber FPI is 

excited by the SMF, MMF, and fiber collimator. 

The visibility under the three excitation 

conditions starts at 100% when the cavity length is 

zero and decreases as the cavity length increases. 

When excited by the MMF, the SFPI visibility 

quickly drops to a minimum value of 1.91% when 

the cavity length is 270 μm. As the cavity length 

continues to increase, some sidelobes appear. When 

excited by the SMF, the visibility decreases to 

6.96% as the cavity length increases to 1 300 μm. 

During the whole process, the visibility is higher 

than that with the MMF. When excited by the fiber 

collimator, the visibility decreases quite slowly. 

When the cavity length is 1 300 μm, the visibility is 

still 49.97%. During the whole process, the visibility 

remains at a high level. 

It should be noted that the calculation is based 

on the assumption that the modes excited in the 

sapphire fiber are orthogonal. However, in practice, 

fiber core size variations and fiber bending will 
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cause mode coupling. Then, more modes will be 

excited, and the visibility will be lower than the 

calculation results. 
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Fig. 10 SFPI visibility under different excitation conditions. 

4. Experimental verification 

Several experiments were conducted to verify 

the theoretical analysis. An SFPI was connected to 
different transmitting fibers, and the visibility 
variation was tested under different excitation 

conditions. Here, we take the example of the SMF 
used as the transmitting fiber to introduce the 
experimental configuration. 

A schematic of the experiments is shown in 

Fig. 11. A C + L broadband source and an optical 

spectrum analyzer (OSA) were connected to the 

input port of an SMF coupler. The output port of the 

coupler was connected to a sapphire fiber with a 

diameter of 125 μm with the help of a fiber 

connector. The sapphire fiber should be sufficiently 

short to decrease the mode coupling caused by the 

core size variation. The length of the sapphire fiber 

in this experiment was 10 cm. The two polished 

sapphire fibers were set on the five-dimensional 

microdisplacement stage and formed an FP cavity in 

a ceramic tube. The spectra were recorded by the 

OSA. 

Optical 
spectrum 
analyzer 

Broadband 
source 

Micro-displacement 
stage 

Micro-displacement 
stage 

Transmitting fiber 

Fiber 
connector 

Sapphire 
fiber 

FP cavity Sapphire 
fiber 

 
Fig. 11 Experimental configuration. 

The FP cavity length was changed from 0 to 

1 300 μm by adjusting the microdisplacement stage, 

and the spectra were recorded during the process. 

After that, the transmitting fiber was replaced by a 

105 μm/125 μm MMF coupler and a fiber collimator 

to measure the visibility under different excitation 

conditions. The fiber collimator was made by fusing 

a quarter-period graded-index fiber with the SM 

fiber and was packaged as an FC/PC plug [16]. Then, 

the collimator and the sapphire fiber were connected 

with the help of a fiber connector, as shown in 

Fig. 12. The divergence angle was tested to be 5.8°. 

Spectra were recorded during the experimental 

process, and the cavity length was calculated based 

on these spectra. 

Lead-in 
sapphire fiber

SM fiber
Fiber 

collimator Sapphire fiber

Fiber connector 

Fiber 
connector

 

Fig. 12 Details of how the fiber collimator is coupled with 
the sapphire fiber. 

During the experiment, when the SFPI was 

excited by the MMF, interference fringes were 

detected only when the cavity length was less than 

120 μm. Figure 13 shows the typical spectra. It can 

be seen that there is much noise in the spectra. 

Figures 13(a) and 13(b) show the spectra when the 

SFPI is excited by the MMF and the cavity lengths 

are set to 50 μm and 120 μm by the 

microdisplacement stage. According to the 

calculation based on the spectra, the cavity lengths 

are 47 μm and 126 μm, which agree with the 
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theoretical results. Figure 13(c) shows the spectrum 

when the SFPI is excited by the MMF and the cavity 

length is set to 220 μm. It can be seen from the 

spectrum that the interference fringes cannot be 

distinguished from the background noise, so the 

cavity length was not calculated. 

      
Fig. 13 Spectra of the SFPI when (a) excited by the MMF and the cavity length is set to 50 μm, (b) excited by the MMF and the 

cavity length is set to 120 μm, (c) excited by the MMF and the cavity length is set to 220 μm, and (d) excited by the SMF and fiber 
collimator and the cavity length is set to 560 μm.

When the SFPI was excited by the SMF and the 
collimator, fringes could be detected during the 
whole process. The visibility when excited by the 
collimator is larger than that when excited by the 
SMF. Figure 13(d) shows the contrast spectra of 
these two excitation conditions. The cavity length is 
set to 560 μm, and the values obtained from the 
calculation based on the spectra are 563 μm and 
568 μm. 

As the cavity length was increased, the spectra at 
12 different cavity lengths were recorded. 
Considering that, in practice, the end faces of the 

sapphire fiber cannot be strictly parallel with each 
other, the wedge angle between them will cause a 
decrease in visibility [17]. Therefore, the theoretical 

results need to be corrected by multiplying by a 

constant. Here, the theoretical results were 
multiplied by 0.56, and the experimental results 
agree well with the corrected theoretical results, as 

Fig. 14 shows. 
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Fig. 14 Comparison between the theoretical results and the 

experimental results. 
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5. Conclusions 

A theoretical analysis was performed on how 

excitation conditions affect the SFPI visibility. Three 
conditions, including SMF, MMF, and fiber 
collimator excitation conditions, were considered. 

The modal excited distribution in the sapphire fiber 
and the SFPI visibility at different cavity lengths 
were calculated. 

The electric fields of the SMF, MMF, fiber 
collimator, and each mode in the sapphire fiber, 
were calculated first. The electric fields of the SMF, 

MMF and sapphire fiber were calculated by using 
the FDM with the help of MATLAB, while the 
electric field of the fiber collimator was simulated 

by the RSOFT software. The modal excited 
distribution in the sapphire fiber was then calculated 
with these electric fields. The results show that the 

numbers of excited modes in the SPF when excited 
by the SMF, MMF, and fiber collimator are 46, 128, 
and 6, respectively. The SFPI visibility at different 

cavity lengths under these three excitation 
conditions was calculated. The results show that, 
when excited by the fiber collimator, the visibility 

remained at a higher level and decreased much 
slower than that at the other excitation conditions as 
the cavity length increased. Finally, experiments 

were performed to verify the theoretical results. The 
SFPI visibility when excited by the SMF, MMF, and 
fiber collimator was measured. The experimental 

results agreed well with the theoretical results. 
Our analysis indicates that the number of excited 

modes in the sapphire fiber varies under different 

excitation conditions, leading to the different 
visibility of the SFPI. With the help of a fiber 
collimator, the number of excited modes in the 

sapphire fibers can be reduced and the visibility of 
the SFPI can be increased. This study could provide 
guidance for designing sapphire/silica fiber coupling 

devices and SFPIs with high visibility. 
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2

2

2 ( )x j

 
   
 
 

C

F

C

  

with  

  
1 112.5 67 tan3( ( ) 0)    x jj  

 
2 1349( ) 2jx x   

where    means round down to the nearest integer. 
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