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Abstract  
Photonic crystal fiber as a new type of optical fiber has been extensively applied because of its 

unique properties. The effective mode area of optical fiber is an important parameter, which has a 
great influence on the performance of optical fiber. In this study, digital image processing algo-
rithm was used for preprocessing to improve the accuracy of calculation of mode field area. Then 
the effective mode field area of optical fiber was calculated using Matlab based Gauss fitting 
method. Take single-mode fiber G.652 as an example, the effective mode field area was calculated 
using the traditional algorithm and digital image processing algorithm respectively. It was found 
that the results obtained using digital image processing algorithm were within the allowed error 
range, suggesting the effectiveness of the algorithm. Then the calculation of the effective mode 
area of the triangular lattice photonic crystal fiber further verified the reliability of the algorithm. 
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Introduction 
Photonic crystal fiber is a fast developing research 

field, and it has a more extensive application in the fabrica-
tion of optoelectronic devices as its performance is more 
superior than that of traditional optical fiber. Fu et al. [1] 
designed a high-voltage sensor based on photonic crystal 
fiber and found that the sensor had a low-temperature cross 
sensitivity and high-temperature sustainability, which was 
a potential ideal choice for downhole pressure sensing. 
Deng et al. [2] developed a bending sensor using photonic 
crystal fiber and found that the device had high bending 
sensitivity. Gao et al. [3] designed an all-fiber magnetic 
field sensor based on magnetic fluid filled photonic crystal 
fiber and carried out an experiment. It had a resolution of 
0.09 Oe and good repeatability. Compared with other ex-
pensive methods, the method had the characteristics of 
high sensitivity and low cost. Effective mode field area 
was one of the important parameters of optical fiber, and it 
has a great influence on the performance of optical fiber. 
Measurement of effective mode field area is a very impor-
tant part. It is found that the bending loss of optical fiber is 
small when the effective mode field area is large [4, 5]. 
Miyagi et al. [6] measure the effective mode area using far-
field scanning and finite difference method. The difference 
between the values obtained by experimental measurement 
and numerical simulation was 0.9 % ~ 3 % only. Hayashi et 
al. [7] studied the equation of conversion between near-
field mode and far-field mode and realized effective area 
measurement of the higher-order modes using high-
dynamic-range far-field scan technique. Mishra et al. [8] 
measured the effective mode area of photonic crystal fiber 
using full-vector finite element method. Medjouri et al. [9] 
measured the effective mode area of circular lattice 
photonic crystal fiber using finite difference time domain 
method in combination with the boundary condition of per-
fectly matched layer and fond that the mode area was lar-

ger than 1000 μm2. In order to obtain more accurate meas-
urement results, this study firstly performed preprocessing 
using digital image processing algorithm and calculated the 
effective mode field area of optical fiber using Matlab 
based Gaussian fitting method. The results showed that the 
results obtained were within the allowed error range, prov-
ing the effectiveness of the algorithm. 

Overview of photonic crystal fiber 

1. Photonic crystal fiber 
Photonic crystal fiber, a new type of optical fiber, is 

equivalent to two-dimensional photonic crystals, which 
greatly promotes the development of fiber optic devices. 
Because of its excellent performance, photonic crystal fi-
bers have been successfully applied in gyroscope, high-
power fiber lasers and other devices. 

2. Effective mode field area of optical fiber 
The effective mode field area of optical fiber plays a 

decisive role in its nonlinear parameters and moreover is 
closely related to the bending loss, numerical aperture and 
dispersion of optical fiber [10]. It is found that photonic 
crystal fiber with large mode field area is more suitable for 
high-power applications [11, 12]. Therefore, it is of great 
significance to study the effective mode field area of opti-
cal fiber for the practical application of optical fiber. 

At present, there are many methods to measure the ef-
fective mode field area of optical fiber, and they mainly 
focus calculating by mode field diameter. The main 
methods include far-field scanning method [13], near-
field scanning method [14] and lateral displacement 
method. In this study, near-field scanning method was 
used to obtain the image of photonic crystal fiber. 

There will be a large error if relevant parameters are 
calculated according to an ideal model as the geometric 
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structure of photonic crystal fiber is complex. It includes 
not only fibers with circular fibre core but also fibers in 
triangular and rectangular arrangement. Moreover the 
geometric structure of the interface is likely to be irregu-
lar in the process of manufacturing. The characteristics of 
photonic crystal fiber are easy to be affected by the exter-
nal world because of its high sensitivity. During meas-
urement, the stability of lights, sample processing  quality 
and precision of device will all affect the characteristics 
of optical fiber, which brings large difficulties to the ac-
curate measurement of mode field area. Far-field scan-
ning technique requires high on skills, which is difficult 
to be realized in reality. Beam propagation method can 
only be realized theoretically currently. Near-field scan-
ning method is a simple and efficient method for measur-
ing the diameter of mode field. It can obtain a result with 
a small error no matter whether the core of optical fibre is 
circular symmetric. In order to calculate the area of mode 
field of optical fibre more accurately, it is necessary to 
preprocess the image of section of photonic crystal fiber 
to remove noise, reconstruct image structure and establish 
the numerical analysis model based on the structure. The 
measurement error can be reduced in this way. 

Design of measurement system 
Firstly, the near-field scanning method and traditional 

calculation method of diameter of mode field were used 
to calculate the area of mode field, and the result was 
taken as the standard. Then the image obtained by near-
field scanning method was preprocessed, and the effec-
tive mode field area was calculated by Matlab based 
Gaussian fitting method. The structure of the measure-
ment system is shown in Figure 1. 

 
Fig. 1. The structure of near-field scanning method 

(1) Optical source. A 800 nm laser was used as the opti-
cal source in the experiment. 

(2) Light injection system. In this study, a microscope ob-
jective was combined with a collimator, and the full 
injection was achieved by a five-dimensional adjust-
ment platform. 

(3) Removing high-order mode. In this study, the high-
order mode was removed by means of rolling. A ring 
with a diameter of 3 mm winded single-mode G.652 
to remove high-order mode. For triangular lattice 
photonic crystal fiber, two rings with a diameter of 
4.5 mm was used. 

(4) Removing cladding mode. After removing the coating 
with a pair of optical fiber stripping forceps, it was 
placed in glycerol matching solution to remove the 
cladding mode. 

(5) The area array Charge Coupled Device (CCD) system. 
The array CCD was directly connected with 60X objec-

tive lens, and the infrared CCD was selected. Besides, 
the resolution could be improved by replacing eye lens 
with CCD. The CCD system could convert the acquired 
light intensity signal to electrical signals. The distance d 
between two adjacent pixels of the CCD could be deter-
mined by the following formula: 2dσ×Γ ≥ , where σ 
represents the resolution of the microscope and repre-
sents the magnifying power of optical vision. 
The resolution of the eye lens of the CCD used in this 

study was 0.57 μm, and the magnifying power was 60; 
then the pixel spacing of CCD was: 

0.62 60 18.6
2 2

d mσ×Γ ×
≤ = = μ  

Digital imaging processing algorithm 
Preprocessing of photonic crystal fiber image 

(1) Magnification processing of image 
In order to improve the accuracy of image recognition, it 
was necessary to enlarge the cross section image of 
photonic crystal fiber image obtained by scanning elec-
tron microscope. The image was magnified two times us-
ing three times of convolution interpolation (Figure 2). 

(1)  

(2)  
Fig. 2. The schematic diagram of magnification using three 

times of convolution 
f is used for presenting a sampling function. Through in-
terpolation, g is used to approximate f. Then 

( )( ) ( )/k k
k

g x c u x x h= −∑ ,  (1) 

where xk refers to node of interpolation, u refers to inter-
polation kernel, h refers to sampling interval (as shown in 
Figure 2), and ck is a parameter. 

The kernel function of the three convolution interpo-
lations are: 
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(2) Medium filtering denoising 
The noise appeared in image acquisition process has a 

great influence on the quality and accuracy of images, 
and noise may be magnified after images are magnified, 
which can affect image information. Therefore it is nec-
essary to do denoising. Median filter denoising method 
can not only effectively remove noise, but also protect the 
edge information of images. Wiener filtering is a kind of 
filter with favourable performance. The original image 
was represented by f (x, y), and the output image was rep-
resented by ˆ ( , )f x y . The computational formula of mean 
square error e2 is: 

{ }2 2ˆ[ ]e E f f= − .  (3) 

After deduction, it turns to be: 

l
2

2

( , )1( , ) ( , )
( , ) ( , )

H u v
F u v G u v

H u v H u v K

⎡ ⎤
⎢ ⎥=
⎢ ⎥+⎣ ⎦

. (4) 

where H (x, y) refers to the Fourier transformation of the 
degenerate function, G (x, y) refers to the Fourier trans-
formation of the original image, and K refers to the ratio 
of power density of noise to signal. 

The median of field brightness protects the edge in-
formation of image in addition to removing impact noise, 
and its expression is: 
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Non-linear filtering technology was used for replacing 
the pixel gray value of specified points with the median 
value of gray values of different points. The input se-
quence is {xi, i∈I }, where I stands for natural number. 
The length of window was l. 

{ }
{ }, , , , .

i i

i u i i u

m Med x

Med x x x− +

= =

= … …
 (6) 

Median filtering was calculated using two-
dimensional window. {xij, (i, j)∈I 

2} represents the gray 
value of each point in the digital image. Filtering window 
was H. 

{ }
{ }2

, ( , ) , ( , ) .
ij H ij

i r j s

y Med x

Med x r s H i j I+ +

= =

= ∈ ∈
 (7) 

Taking a photonic crystal fiber image as an example, 
Wiener filtering and median filtering were used to de-
noise the image (Figure 3). 

(a)     (b)     (c)  
Fig. 3. Comparison of denoising effects: (a) original image; (b) image after Wiener filtering; (c) image after median filtering 

It could be seen from Figure 3 that the denoising ef-
fect of median filtering was superior to that of Wiener fil-
tering. Median filtering was excellent in denoisng images 
and reduce the effects of noise on images. 

(3) Otsu binarization 
Performing binarization on the image with proper 

threshold was to separate air vent holes and media in op-
tical fiber. Otsu algorithm is an ideal algorithm. The seg-
mentation threshold of foreground and background was 
set as T; the proportion of points of foreground was set as 
w0, and the average gray level was set as u0; the propor-
tion of points of background was set as w1, and the aver-
age gray level was set as u1; the total average gray level 
was u; the variance of the foreground and background 
images was g. Then 

0 0 1 1

2 2
0 0 1 1

,
( ) ( ) .

u w u w u
g w u u w u u
= × + ×
= × − + × −

 (8) 

The following equation is obtained by considering the 
above two equations: 

0 2
0

0

( )
1

wg u u
w

= × −
−

. (9) 

When variance g was the largest, gray level T was the 
optimal threshold. Suppose the scanned image of 
photonic crystal fibre as f (x, y), then the binary image af-
ter segmentation is: 

( )1,      , ,
( , )

0,      ( , ) .
f x y T

h x y
f x y T

⎧ ≥
= ⎨

<⎩
 (10) 

1. Calculation of effective mode field area 
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where E (x, y) stands for the transverse electrical field 
component of basic mode on the horizontal section of the 
optical fibre. 

The following equation can be obtained by substitut-
ing the cross section area s into equation (11): 

22

4

( , ) d d

( , ) d d
s

eff

s

E x y x y
A

E x y x y

⎛ ⎞
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∫ ∫

∫ ∫
. (12) 

As electric field intensity is related to light intensity: 
I (x, y) = | E (x, y) |2, where I (x, y) stands for the light inten-
sity component of the basic mode of the optical fiber inter-
face. Equation (13) is obtained according to equation (12). 

2

2

( , ) d d

( , ) d d
s

eff

s

I x y x y
A

I x y x y

⎛ ⎞
⎜ ⎟
⎝ ⎠=
∫ ∫

∫ ∫
   (13) 

If the light intensity distribution of basic mode satis-
fies approximate Gaussian distribution, then equation (13) 
can be simplified as: 

2
effA = πω . (14)

 The effective mode field area was calculated using 
Matlab based Gaussian fitting method. The image was 
obtained from the CCD acquisition system. Light spot 
image whose pixel value was between 235 and 255 was 
saved. Then the image was read using Microsoft founda-
tion classes and preprocessed. Then data of radial pixel 
points were obtained through Matlab, and a two-
dimensional Gaussian curve was drawn. Finally the effec-
tive mode field area was calculated using equation (14). 

Simulation and results 
To verify the accuracy of the above algorithm, single-

mode optical fiber G.652 and triangular lattice photonic 
crystal fiber were taken as examples.  

Single-mode optical fiber 
Firstly the diameter of mode field of the optical fiber 

was measured using the traditional method, and then the 
effective mode field area was calculated; the result was 
taken as the standard and compared to the result obtained 
by digital image processing algorithm. A 800 nm laser 
was used as the light source. 

The official data of single-mode optical fiber G.652 
suggested that the diameter of mode field of the optical 
fiber was 9.2 ± 0.4 μm and 10.4 ± 0.5 μm respectively un-
der 1310 nm and 1550 nm wavelength. As the mode field 
area was in a linear relationship with the incident light 
wave, the effective mode field area of the optical fiber 
under 800 nm wavelength could be calculated, 27.2 μm2. 

The effective mode field area was also calculated us-
ing digital image processing algorithm. Firstly the image 
of the light spot was obtained using near-field scanning 
method, as shown in Figure 4. Median filtering denoising 
and binarization were performed after double amplifica-
tion with cubic convolution interpolation. The data of ra-
dial pixel points were obtained through Matlab. Then a 
two-dimensional Gaussian curve was drawn. Finally the 
effective mode field area of the the optical fiber under 
800 nm wavelength was calculated, 28.4 μm2. 

 
Fig. 4. The light spot image of the single-mode optical fiber 

According to the official data, the diameter d1 of the 
mode field under the wavelength of 1310 nm was 9.2 μm, 
and the error α1 was ± 0.4 μm; the diameter d2 of the 
mode field under the wavelength of 1550 nm was 
10.4 μm, and the error α2 was ± 0.5 μm. The relative error 
of the mode field area was calculated using the following 
equation. 

( ) ( )
( )

1 2

1

2 2
1 1 1

2
1

100%

/2 ( )/2
100% .

/2

eff eff

eff

A A
A

d d

d

−
α = × =

π − π + α
= ×

π

 (15) 

The error of the mode field area of the optical fiber 
was 9 % and 9.8 % under the wavelength of 1310 nm and 
1550 nm. 

Using the algorithm, the effective mode field area un-
der the wavelength of 800 nm was 28.4 μm2, and its rela-
tive error with the standard result, 27.2 μm2, was 4.4 %, 
which was within the error range. Therefore the result 
was accurate. 

Triangular lattice photonic crystal fiber 
The image acquired by near-field scanning method is 

shown in Figure 5. 
The maximum value of pixel of the image and the ra-

dial pixel value of the light spot were output using the 
method which was the same with the single-mode optical 
fiber. After read by Matlab, a Gaussian curve was drawn 
for Gaussian fitting. The horizontal coordinate value was 
read when the light intensity was the largest. Finally the 
effective mode field area was calculated using equation 
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(14). The effective mode field area of the optical fiber 
was 28.8 μm2 under the wavelength of 800 nm. 

 
Fig. 5. The light spot image of triangular lattice photonic 

crystal fiber 
The mode field area was measured based on the di-

ameter. Firstly the mode field diameter of the horizontal 
light intensity distribution curve of the light spot was ob-
tained, 6.12 μm; then the mode field area was calculated, 
28.6 μm2. The vertical mode field diameter of the light 
spot was calculated using the same method, and the result 
was 6.57 μm; the mode field area was 30.1 μm2. There-
fore the average value of the effective mode field area 
was 29.4 μm2. The results obtained by the two algorithms 
were close and within the allowed error range, suggesting 
the high accuracy of digital image processing algorithm. 

Discussion and conclusion 
Photonic crystal fiber has many advantages, which 

greatly promotes the development of optoelectronic de-
vices. It shows good performance on many devices. For 
example, the magnetic field sensor which is made from 
photonic crystal fiber has superior sensitivity [15]; tem-
perature sensor based on photonic crystal fiber has not 
only a higher temperature sensitivity but also enhanced 
refractive index sensitivity [16, 17]; salinity sensors 
which apply photonic crystal fibers also has high sensitiv-
ity [18]; the performance of hydrostatic pressure sensors 
based on photonic crystal fiber is excellent [19]. Effective 
mode field area is one of the important parameters of op-
tical fiber, which plays a decisive role in the nonlinear 
coefficient of optical fiber and moreover has a great in-
fluence on the bending loss and weld loss of light. There-
fore, the study of the effective mode field area of optical 
fiber plays a very important role in practical applications. 

For most optical fibers with circular cores, mode field 
diameter is often used to describe the distribution charac-
teristics of mode field. However, for many non-circular-
symmetrical optical fibers, it is necessary to measure ef-
fective mode field area as mode field diameter cannot be 
accurately obtained. 

The differences of grayscale and contrast between im-
ages collected by near-field scanning method bring great 
difficulties to measurement and calculation. In order to 
eliminate these effects, image pre-processing is needed. 
The accuracy of measurement will be improved by image 
magnification, denoising and binarization. After image 

preprocessing, the effective mode field area of optical fiber 
can be obtained by Matlab based Gaussian fitting method. 

In order to verify the effectiveness of the algorithm, 
the single-mode optical fiber G.652 was calculated in two 
ways, and the calculation results showed that the area of 
the effective mode field was within the allowed error 
range, and the correctness of the algorithm was also 
proved. Then the effective mode field area of a triangular 
lattice photonic crystal fiber was calculated, which fur-
ther verified the correctness of the algorithm. 

The experiment showed that digital image processing 
algorithm had great practicability in calculating the effec-
tive mode field area of the photonic crystal fiber with 
non-circular core and it improved the accuracy of the im-
age, reduce the complexity of the calculation, and reduce 
the measurement error. Image processing algorithms are 
of great value in the measurement research of irregular 
optical fibers. 
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