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The flexible structure of photonic crystal fibre not only offers novel optical properties but also brings some dif-

ficulties in keeping the fibre structure in the fabrication process which inevitably cause the optical properties of the

resulting fibre to deviate from the designed properties. Therefore, a method of evaluating the optical properties of the

actual fibre is necessary for the purpose of application. Up to now, the methods employed to measure the properties of

the actual photonic crystal fibre often require long fibre samples or complex expensive equipments. To our knowledge,

there are few studies of modeling an actual photonic crystal fibre and evaluating its properties rapidly. In this paper, a

novel method, based on the combination model of digital image processing and the finite element method, is proposed

to rapidly model the optical properties of the actual photonic crystal fibre. Two kinds of photonic crystal fibres made

by Crystal Fiber A/S are modeled. It is confirmed from numerical results that the proposed method is simple, rapid and

accurate for evaluating the optical properties of the actual photonic crystal fibre without requiring complex equipment.
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1. Introduction

Photonic crystal fibres (PCFs) were demon-

strated first in 1996,[1] and since then they have at-

tracted considerable attention due to their flexible

structures and novel optical properties, which em-

power the fibres to have enormous potential applica-

tions in diverse fields.[2−4] However, the flexible struc-

ture also brings some challenges to the fabrication of

PCF. It is difficult to keep the position, the size and

the shape of air holes during their fabrication. This

would cause the resulting geometry of the actual fi-

bre to inevitably deviate from the designed structure.

Therefore, the optical properties of the resulting fibre

would be different from the expected properties of the

designed structure, which are negative for the appli-

cation of photonic crystal fibre. So it is important to

understand the optical properties of the actual fibre

for the practical applications.

Up to now, some methods have been employed

to measure the properties of the actual PCF such

as pulse delay, phase-shift, super-continuum pulses

or interferometer methods for the dispersion,[5−7]

the scanning wavelength method,[8−11] Jones matrix

eigen-analysis[12,13] or magneto-optic method[14] for

the birefringence,[15,16] and the method reported in

Ref. [17] for the mode cutoff phenomena. However,

those methods often require a long fibre sample or

complex expensive equipments. To our knowledge,

there are few studies of modeling an actual photonic

crystal fibre and evaluating its properties rapidly for

the purpose of application. In this paper, a novel

method, based on the combination model of digital

image processing and finite element method, is pro-

posed to rapidly model the optical properties of the

actual PCF. With the proposed method, two kinds of

photonic crystal fibres made by Crystal Fiber A/S are

modeled.
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2. Description of the novel method

In order to model the optical properties of the actual PCF, the novel method combines digital image

processing technique with finite element method together to analyse the PCF. The flow chart is shown in

Fig. 1. The first step is to obtain the cross-sectional image of the actual PCF, which can be completely

achieved by the digital microscope. The following step is to rebuild the geometry structure of the cross section

of the actual PCF by a series of digital signal processing technique including image magnification, threshold

calculation, binary processing, noise elimination, edge extraction, geometry formation, and coordinate system

transformation. Finally, finite-element method[18,19] is used for the modal solver in the actual PCF. Here, we

concentrate on how to use the digital image processing technique to rebuild the cross-sectional structure of the

actual PCF.

Fig. 1. Flow chart of the proposed novel method.

2.1.Rebuilding cross section of actual

PCF by digital signal processing

technique

The cross section of an actual PCF made by our-

selves, which has been collected by digital microscope,

is shown in Fig. 2. In order to improve image recogni-

tion accuracy, the original image needs to be magnified

first. The enlarged image which is two times as big as

the original one is also shown in Fig. 2. Cubic convo-

lution interpolations[20,21] is employed to magnify the

original image and the theory of this magnification

method is described in Fig. 3.

Assuming that f is a sampled function and g is the

corresponding interpolation function, then g(xk) =

f(xk) where xk is an interpolation node. For equally

spaced data as shown in Fig. 3(a), the interpolation

function can be written as[21,22]

g (x) =
∑
k

cku

(
x− xk

h

)
, (1)

where h represents the sampling increment such as

h = x1 − x0, xk is a set of the interpolation nodes, u

is the interpolation kernel, g is the interpolation func-

tion, ck is a series of parameters which depend on the

sampled data to make sure that the interpolation con-

dition g(xk) = f(xk) for each xk to be satisfied. Then

the kernel of cubic convolution interpolation is built

up by a third-order polynomial and is given as

u (s) =



3

2
|s|3 − 5

2
|s|2 + 1, 0 < |s| < 1,

−1

2
|s|3 + 5

2
|s|2 − 4 |s|+ 2, 1 < |s| < 2,

0, 2 < |s| ,

(2)

where s is defined as s = (x− x0)/h.

Fig. 2. Comparison between the original image and the

enlarged cross-sectional image.
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Fig. 3. Schematic diagram of convolution interpolation

principle.

In order to obtain the pixel value of the interpo-

lation point F as shown in Fig. 3(b), the pixel value of

four temporary interpolation points (F0, F1, F2, F3)

of every row should be calculated first by the cubic in-

terpolation method and then the pixel value of point

F could be obtained by the four temporary points of

the column. With this method, the original image in

Fig. 2 is enlarged two times, which is shown in Fig. 2

as well. The small one in Fig. 2 is the original image

whose size is 406×414 in pixel and the larger one in

Fig. 2 is the enlarged image whose size is 812×828 in

pixel.

After the image magnification, the most impor-

tant step is to calculate the threshold and perform

the binary processing which converts a grayscale or

colourful image into a binary image with only two

colours: black (0) and white (1). The advantage of

binary image is easy for us to eliminate noise and ex-

tract the boundary of neighbourhoods. The threshold

is crucial for determining whether the extracted geom-

etry of PCF will accurately represent the cross session

of actual PCF. Based on the histogram as shown in

Fig. 4, the iterative threshold method is used to obtain

the threshold through the following four steps:

Step 1 Selecting an initial threshold T0 which is

better to be an average pixel gray of the image.

Step 2 Separately calculating the mean pixel

grayscale levels of the parts separated by the iterative

threshold Tk which is obtained from the last iteration.

The kernel equation is given by
µ1 =

Tk∑
i=0

(hii)/
Tk∑
i=0

hi,

µ2 =
255∑
i=Tk

(hii)/
255∑
i=Tk

hi,

(3)

where i is the pixel grayscale level ranging from 0 to

255, µ1 and µ2 are the mean pixel grayscale levels of

the corresponding parts, respectively.

Fig. 4. Histogram of the sample.

Fig. 5. Binary image of the sample.

Step 3 Calculating the new threshold value Tk+1

defined by the following expression:

Tk+1 = (µ1 + µ2) /2. (4)

Step 4 Repeating Steps 2 and 3 until the thresh-

old value Tk in successive iterations do not change.

Thus the final threshold setup is obtained.

After the threshold is calculated, a binary image

shown in Fig. 5 can be set up from the enlarged cross-

section image of PCF in Fig. 2.

Sometimes, noises may be introduced by unclear

fibre cross-section or image selecting device. Some

noises can be eliminated by the binary processing, but
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some cannot. For example, as shown in Fig. 6, the

blotch will be enlarged with the image magnification

increasing but still exist after the binary processing as

shown in Figs. 7(a) and 7(b). In order to eliminate this

type of noise, mathematical morphology, a technique

of image processing based on shapes used to process

binary for noise elimination and edge detection,[23] is

employed. The method includes some fundamental

morphological operations[24] such as the erosion, dila-

tion, opening, closing, and so on. Opening and closing

operations are often used in combination to eliminate

noise and the result is shown in Fig. 7(c) where the

blotch can be eliminated by this method.

Fig. 6. Original cross-section image of our sample (a),

noises on the original image (b), enlarged noise (c), and

enlarged image (d).

Quite a lot of methods may be used in edge de-

tection, they are the Laplace operator, Sobel opera-

tor, Gradient operator, etc. The mathematical mor-

phology method can also be used in edge detection by

the mathematical morphology edge detection opera-

tor which is defined as the original image subtracting

the eroded image from the original by erosion opera-

tor. This method is better than others in the sense

of edge continuity.[25] Using the mathematical mor-

phology edge detection operator, the discrete edge in

Fig. 8(a) can be extracted easily from the binary im-

age. Figure 8(b) shows the rebuilt result obtained by

the least square fitting method, which is used to deal

with the discrete edges of each region, and the co-

ordinate system transforms from the pixel coordinate

system into a new coordinate system corresponding to

the actual fibre size by using Eq. (5).

Fig. 7. (a) Binary image of the sample, (b) local am-

plification of the noise, and (c) binary image after noise

eliminating.

Fig. 8. (a) Binary edge and (b) rebuilt geometry of the sample.

084209-4



Chin. Phys. B Vol. 19, No. 8 (2010) 084209 xnew = C (xpixel − x0),

ynew = C (ypixel − y0),
(5)

where the scaling coefficient C is denoted by the ratio

of the outer diameter of the actual fibre to the pixel

diameter that is defined as D, and the (x0, y0) are the

position of central pixel of the geometry in the pixel

coordinate system which can be obtained by averag-

ing over the discrete edge pixels in the outer diameter

of fibre.

2.2. Investigation on optical properties

of actual PCF by finite element

method

Finite element method is a powerful tool for mod-

eling the properties of the fibre with an arbitrary ge-

ometry and has been widely used for analysing pho-

tonic crystal fibre due to its high accuracy and strong

adaptability. Here, the finite element method with

second order interpolation function[26] is employed for

investigating the optical properties of the actual PCF

with the rebuilt cross-sectional geometry.

As a key step, the mesh should be generated first.

The rebuilt cross-sectional geometry is generated by

using the triangle elements through the mesh genera-

tor in Matlab 7.0 and the generating process follows

the mesh generating principle that the meshes in the

central region and near the boundary are denser than

those in other regions as shown in Fig. 9.

Fig. 9. Finite element meshes of the sample.

Then a full vectorial analysis of the electromag-

netic field is achieved. From Maxwell’s equations, the

basic equation of the finite element method for obtain-

ing the determination of the effective index of modes

is given by

∇×
(
ε−1
r ∇×H

)
− k20n

2
effH = 0, (6)

where H is the magnetic field, k0 denotes the free-

space wave number, εr is the relative dielectric permit-

tivity, and neff is the effective index of modes. With

the triangle element meshes, the eigenvalue equation

(6) can be discretized and solved.

After obtaining the effective index neff and the

magnetic H of modes, the other optical properties

including the effective mode area, nonlinear coeffi-

cient, chromatic dispersion and beat length, can be

calculated.[26]

In the following section, some optical properties

of two kinds of photonic crystal fibres will be studied

to verify the accuracy of this method.

3. Analysing optical properties of

photonic crystal fibres

With this novel method, different types of pho-

tonic crystal fibres including a large mode area PCF

and a polarization maintaining PCF made by the

Crystal Fiber A/S are modeled.

3.1. Large mode area photonic crystal fi-

bre

Figure 10 shows the cross section of a large mode

area photonic crystal fibre made by the Crystal Fiber

A/S, whose core diameter is 4.9 µm.[27] The holey re-

gion is extracted with the above method and meshed

as shown in Fig. 11. The meshes are refined in the

PCF core and the air–silica interfaces where there is

quite a large refractive index step.

Fig. 10. Cross section of holey region of a large mode

area photonic crystal fibre.
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Fig. 11. Finite element meshes of the holey region.

After the edge extraction and geometry forma-

tion, some fibre parameters, such as the air holes di-

ameter d and the hole-pitch Λ, can be obtained to be

about 1.29 µm and 3.165 µm respectively, then the

relative hole-size is f = d/Λ = 0.4076 < 0.41 from

the rebuilt geometry of the fibre. After generating the

finite element meshes, the properties of this fibre can

be modeled with the finite element method in a wave-

length range from 0.4 µm to 1 µm. Table 1 gives the

numerical results obtained from our method and the

given results by the Crystal Fiber A/S at the mode

field diameters of the two orthogonal polarizations of

the fundamental mode. The modal field area of the

fundamental mode calculated by our method is accor-

dant with the product data given by the Crystal Fiber

A/S.

Table 1. Mode field diameter of the two orthogonal polarizations of the fundamental mode.

wavelength/µm 0.4 0.5 0.7 0.9 1.0

given results of mode field diameter/µm 4.2–0.5∼4.2+0.5

numerical results of mode field diameter 1/µm 4.0682 4.0978 4.1605 4.2283 4.2645

numerical results of mode field diameter 2/µm 4.0665 4.0958 4.1575 4.2244 4.2601

3.2.Polarization maintaining photonic

crystal fibre

As shown in Fig. 12, this PM–PCF has hole-

pitch Λ = 4.4 µm, small hole diameter d1 = 2.2 µm,

large hole diameter d2 = 4.5 µm, holey region diam-

eter about 40 µm and outside diameter 125 µm.[28]

Fig. 12. Cross section of a polarization maintaining pho-

tonic crystal fibre.

Because the main influence on the properties lies in

the structure of the inner air holes. In order to re-

duce the computer memory capacity needed and im-

prove operation speed, we just calculate the inner four

ring air-holes without loss of accuracy,[29,30] and the

meshes are shown in Fig. 13. The dispersion and the

beat length at wavelength 1550 nm are modeled and

the numerical results by our method and the given re-

sults by the Crystal Fiber A/S are listed in Table 2.

It is clear that those results are consistent with each

other.

Fig. 13. Meshes of the inner four ring air-holes of the

polarization maintaining PCF.
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Table 2. Comparison of the numerical results with

the product parameter.

λ = 1550 nm
dispersion of

beat length/mm
two polarizations

given results 54 59 < 4

numerical results 54.5 58.8 3.33

The measuring process of the two PCFs described

above has proved that when this tool runs on the com-

puter with Intel P4 2.8 GHz and 2G RAM, the whole

process consumes only about 3 min. This means that

the method is fast and convenient enough to under-

stand the optical properties of the actual fibre.

4. Conclusion

In order to quickly and conveniently understand

the optical properties before use, a novel method is

proposed for rapidly and accurately measuring the ac-

tual photonic crystal fibre in this paper. This method,

which is based on the combination of digital image

processing technique and finite element method, just

requires a cross-sectional image of PCF, whose main

part is completed by computer, so its operation is sim-

ple and convenient and the whole measuring period

consumes a short time. Two kinds of PCFs made

by Crystal Fiber A/S are modeled by this method

and the comparison between the numerical results and

the given results proves the accuracy of the proposed

method. The features of this method imply that this

method is suitable to the investigation of the prop-

erties of PCF for designing, simulating and optimiz-

ing the device or the system before the applications.

In addition, this method can also be used to moni-

tor the properties of the no-coated PCF for improv-

ing the PCF fabrication technology and providing re-

quired photonic crystal fibres for applications.
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