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Method of assisting the fabrication process of holey fiber based on
combination model of digital image processing and finite element method
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Abstract In the fabrication process of holey fiber, the final geometry of the actual fiber usually deviates from the
ideal. We propose a novel method based on the combination of digital image processing technique and finite element
method to model the optical properties of the actual fiber rapidly. A polarization-maintaining holey fiber reported by
crystal fiber A/S has been modeled and its numerical results accord with the parameters given by the data.
Experimental result demonstrates that the optical properties of the fiber can be analyzed rapidly so that the draw

parameters can be adjusted in time.
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1 Introduction

Holey fibers, also known as photonic crystal fibers
(PCFs), have novel optical properties such as endlessly
single-mode behavior™ , highly birefringence , ultra-
high nonlinear® , large mode-area™, ultra-flattened
and anomalous dispersion™ and so on. Those attractive
characteristics make them a number of potential applica-
tions in fiber communication, fiber sensor, fiber de-
vices, and so on™ .

PCFs are manufactured by heating a macroscopic
structured preform (a few centimeters in diameter) and
drawing it to the required dimension (typically 125 pm)
with the drawing tower. The geometry of the final fiber
can be modified significantly by controlling the parame-
ters used in the drawing process. i.e. , the temperature
of the furnace, the feed speed at which the preform is
fed into the furnace, and the draw speed. The control
process is more complex, difficult, and time-consuming
than that in the ordinary fiber fabrication. Slight param-
eter variation in the fabrication process would affect the
geometry of the fiber. Up to now, there have been
some studies on the fabrication process in order to opti-
mize the drawing parameters’ . However, even with
the theoretical optimum drawing parameters in the fab-
rication process. there are also some deviations from
the ideal PCF. In order to decrease the deviation of the
optical properties between the actual fiber and the ideal
one, it is crucial to monitor the properties of the actual
fiber until its properties are steady before the coating

process during fabrication so that the optimum drawing
parameters in the fabrication process can be obtained.
The conventional methods employed to measure the
properties of the actual photonic crystal fiber often re-
quire long fiber samples, a long operating time and
complex expensive equipments. These methods cannot
meet the requirement that monitor the properties dur-
ing the drawing process. Due to the length limit of the
preform, it is important to optimum drawing parame-
ters as soon as possible during the fabrication process.
To our knowledge, there are few literatures about the
method of modeling actual holey fibers and monitoring
properties of the no-coated fibers at the beginning of the
fabrication process.

In this paper, a novel method is developed to ana-
lyze actual holey fiber based on the combination model
of digital image processing technique and finite element
method (FEM). It can be used to analyze the actual fi-
ber rapidly to optimize the drawing parameters from the
analysis results and monitor the properties of the no-
coated fiber whether to meet the requirement before
the coating stage during the PCF fabrication process.
Compared with conventional method which needs a long
operating time, this method is more rapid and more sig-
nificant to conduct the manufacture process.

2 Methodology

In order to model the properties of the actual PCF,
a novel method was developed, which mainly includes
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four steps as shown in Fig. 1.

load the cross—section :
5 4 threshold calculation
image and magnify ; :
image and binary processing
calculate the edge extraction and
properties of PCF geometry formation
by FEM

Fig.1 Workflow of the methodology

The first step is to load the cross-section image and
magnify the image. The ross-section image can be col-
lected by digital microscope. In order to improve image
recognition accuracy, image magnification is necessary.
Figure 2 shows a cross-section image of a PCF and its
enlarged image which is two times as the original one.
Here, a typical method, i.e., the bi-cubic convolution

', which is a cubic interpolation algo-

interpolations™
rithm that give a quite well approximation of the theo-
retically optimum since interpolation function, has been

applied and its schematic diagram is shown in Fig. 3.
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Fig.2 Original cross-section image and its two times
enlarged image
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Fig.3 Schematic diagram of the cubic convolution
interpolation used for image enlarged

To assume that ¢ is the corresponding interpo-

lation function and f is a sampled function, then ¢
(x,) = fCx,) for any interpolation node x,. For
equally spaced data as shown in Fig.3(a), the in-
terpolation function g(«x) can be described by

g(x) = Ec,\u(gf;xk), @D
k

where I represents the sampling increment such as

h =wx, — x, and x, is the interpolation nodes, u is
the interpolation kernel, and g is the interpolation
function. Depending upon the sampled data, param-
eters ¢, are selected to satisfy the interpolation
condition, g(x,) = f(x,) for each x,. Then the
kernel of cubic convolution interpolation is built up
with third-order polynomials and given by

Sl =l e,

0< |s|<<1
1 ) 2
w(oy = 1= Llsl sl =l 2, (@)

1< |s|<2
0,

2 < |s|
where s = (x — xg) /.

Introducing cubic convolution interpolation in
digital image magnification is shown in Fig. 3(b).
In order to get the pixel value of the interpolation
point I', the pixel value of four temporary interpo-
lation points (F,, F,, F,, F3;) of every row
should be calculated firstly with Egs. (1) and (2).
The pixel value of point F' can be obtained by the
four temporary points (F,, F,, F,. F3;) of the
column. This method is called the bi-cubic interpo-
lation method., which is more accurate than others
as reported in Ref.[8].

After the image magnification, the next step is
threshold setup and binary processing which con-
vert a grayscale into a binary image with only two
colors, black (0) and white (1). The boundary of
neighborhoods can be easily extracted from the bi-
nary image. The threshold setup is crucial to deter-
mine whether the extracted geometry of PCF can
accurately represent the cross session of actual
PCF. Based on the histogram in Fig.4(a), the iter-
ative threshold method is used to obtain the thresh-
old. The method includes the following four steps.

Step 1: selecting an initial threshold T, which
is better to be the average pixel gray of the image.

Step 2: individually calculating the mean pixel
gray values of the parts separated by the iterative
threshold T, which is obtained from the last iteration,
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(a) Histogram of the image shown in Fig.2 used for threshold setup and binary processing;

(b) binary image form the threshold setup and binary processing

T, T,
Jpl = DX D[ (D)

i=0 i=0

255 255 (3
Lzz = D XD/ (k)

i=T, i=T,

where i is the pixel gray range frém 0 to 255,
and p, are the mean pixel gray values of the corre-
sponding parts, respectively.

Step 3: calculating the new threshold value
T -, defined by

Tipr = G +p2) /2. (4)

Step 4: repeating step 2 to step 3 until the
threshold value T, in successive iterations changes
in an acceptable range. The final threshold setup is
obtained.

Using the threshold calculated in step 4, a bi-
nary image shown in Fig.4(b) can be set up from
the enlarged cross-section image of PCF in Fig. 2.

With the binary image, the discrete edge, as
shown in Fig. 5(a), can be extracted by the mor-
phology which is a technique of image processing
Then the
squares fitting method is used to deal with the dis-

based on structuring elements. least
crete edges of each region. The geometry of the
cross session of PCF is rebuilt in Fig.5(b) in which
the new coordinate system corresponding to the ac-
tual fiber is obtained by

Znew = C(Zpixad — 20) »

Voew — C(yplxel - yo) ’
where the scaling coefficient C is denoted by the ratio

(5

of the outer diameter of the actual fiber to the pixels di-
ameter which is defined as D. (x,, y,) are the cen-
ter pixel of the geometry in the pixel coordinate
system which can be obtained by the average of the
discrete edge pixels in the outer diameter of fiber.
After the geometry of the cross session of the
actual PCF is rebuilt, FEM is employed to model
the properties of the actual PCF. Mesh generation

is a key step in FEM. Here., we use the mesh gen-
erator in MatLab 7.0 to generate triangulation mesh
which is denser in the center region and near the
boundary in order to reduce the computing time and
increase, accuracy, and then the properties of the
actual PCF can be analyzed by FEM with second or-

der interpolation function™’.

The effective refrac-
tive index and the distribution of modal field can be
obtained directly, and thus other properties, such
as the chromatic dispersion, mode-field area, non-
linear coefficient, and the beat length., can be de-

duced respectively.
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Fig.5 (a) Binary edge of the air-holes and the fiber;
(b) rebuilt geometry from the binary edge

3 Application of this method to model

the outual PCF

With this method, the properties of a polarization
maintaining PCF made by the crystal fiber A/S are mod-
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eled. This PCF, as shown in Fig. 6(a), has hole-pitch
of A = 4.4 pmand a hole diameter of d, = 2. 2 pum for
the small holes and d, = 4.5 um for the large ones, the
diameter of holey region is about 40 pm and the outside

diameter is 125 pm'''. The inner four rings holey re-
gion has been extracted and meshed as shown in Fig. 6
(b). Then, the properties are analyzed with FEM. Dis-
persion and beat length are shown in Fig.7.

0
x/(10° m)

Fig.6 (a) Cross-section and (b) mesh of the inner four rings air-holes of a polarization maintaining

photonic crystal fiber
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Fig.7 (a) Dispersion and (b) beat length of the two fundamental polarizations mode

Numerical results by our method and the product
data given by the crystal fiber A/S at the wavelength of
1550 nm™ have been listed in Table 1. It is clear that
the method we developed can model the actual PCF with
high accuracy. When this tool runs on the computer
with Intel P4 2.8 GHz and 2 G RAM, the whole process
shown in Fig. 1 consumes about 3.4 min. The consu-
ming time will decrease significantly using powerful
computer. This means that the method can be used to
monitor and optimize the drawing parameters rapidly
before coating the fiber during the fabrication process.

y /(107° m)

Table 1 Comparisons of the numerical results with the
product parameter

Dispersion of Beat
A =1550 nm L
two polarizations length /mm
Given results 54 59 <4
Numerical results 54.5 58.8 3.33

Then we use this method to improve the fabrication
process at the beginning stage of fabricating a new holey
fiber. With theoretical and empirical drawing parame-
ters, the cross section of the fabricated but no-coated
single mode holey fiber is shown in Fig.8(a). From the
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Fig.8 (a) Cross-section image of a holey fiber which air holes are expanded; (b) power spectrum contour line map of this
fiber's second order mode, the effective refractive index is 1.4343 —i8.6368e ' and the confinement loss is 3e ° dB/m
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Method of assisting the fabrication process of holey fiber based on a combination model of

cross section, the properties of this actual fiber are ana-
lyzed with the above method. Numerical result demon-
strates that the fiber can propagate not only the funda-
mental mode but also the second-order mode. The sec-
ond-order mode is shown in Fig. 8(b). The properties
deviate from the initial single mode design. Therefore,
the drawing parameters in the fabrication process should
be adjusted to obtain the single mode holey fiber. Guo et
al. reported that the actual geometry of the holey fiber
was affected by the furnace temperature and inert gas
pressure’”’ . Through decreasing these two parameters,
the air holes diameter would be reduced. After adjusting
the parameters, the actual fiber can be analyzed in
time. As an example, Fig.9(a) is a cross-section image
of the fiber after parameters adjusting. The air holes’
diameter is smaller than one shown in Fig.8(a).
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The second #-order mode analyzed by the above
method has been shown in Fig. 9(b). Its confinement
loss is so large that its second-order mode fast attenu-
ates and there is only fundamental mode existing in this
fiber. Although the air holes are slightly larger than the
designed one, the properties of the fiber meet our re-
quirement. Therefore, the suitable drawing parameters
for fabricating the single mode PCF are obtained and the
The final fiber
sample can be fabricated through coating the fiber under

consumed time can be reduced as well.

this draw condition. Experimental results demonstrate
that this method can be used to optimize the drawing pa-
rameters before the fiber is coated in the fabrication
process. This is a useful tool to improve the PCF fabri-
cation technology and to provide required photonic crys-
tal fibers for applications.
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Fig.9 (a) Cross-section image of a holey fiber after parameter adjustment; (b) power spectrum contour line map of this

fiber's second order mode, as well as the effective refractive index is 1.4381 — i6. 2440e 7 and the confinement loss is
21.99 dB/m

4 Conclusion

In this paper, a novel method of analyzing actual
holey fibers based on a combination of digital image pro-
cessing technique and FEM used for assisting the fabri-
cation process is developed. Due to its accuracy and ra-
pidity, this method can be used to optimize the drawing
parameters and monitor the properties of the no-coated
fiber whether to meet the requirements in order to re-
duce the consumed time during the PCF fabrication
process. The length of the preform is limited, reducing
the consumed time of optimizing the drawing parame-
ters means that we have a higher probability to get the
ideal PCF or get longer PCFs. This is a useful tool to
improve the PCF fabrication technology and to provide
required photonic crystal fibers for applications.
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