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A method is presented to analyse the effect of structure random disturbances on the confinement loss and the

chromatic dispersion characterizations of microstructured optical fibres, which combines multipole methods with the

random statistics process. Some useful results to the fabrication of microstructured optical fibres have been obtained.
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1. Introduction

Recently, much effort has been devoted to the re-
search of microstructured optical fibres (MOF's) which
usually consist of a hexagonal arrangement of micro-
scopic holes (mostly air) running through the entire
length of the fibres surrounding a central core of solid
silica or, in some cases, air, in the insulating environ-
ment. These fibres are of great interest due to a unique
combination of dispersion, polarization, and nonlin-
ear properties such as a wide range of single mode
operation, the adjustable dispersion, supercontinuum
generation and easily controllable effective modes ar-
eas. MOFs are ready to lend themselves for applica-
tions such as dispersion compensation, soliton forma-
tion and visible continuum generation.[!=17) By vary-
ing the size of the holes and their number and posi-
tion, people can also design MOF's with carefully con-
trolled the dispersion, loss, modal, birefringent and
other properties.['8=20] But the actual properties of
the MOFs which is fabricated by drawing a macro-
scopic perform down into a fibre using a conventional
fibre-drawing tower are often different from what we
anticipate, because of the disturbance errors in fi-
bres’ producing. In this work we combine random
statistics with a high-accuracy calculation of the full

complex propagation constant of MOF's introduced by

White, 2122l and multipole methods showing the ef-
fect of disturbance error in fibres’ fabrication on the
MOFs’ properties such as the confinement loss and the
chromatic dispersion. Through the calculation, some

useful results have been obtained.
2.Multipole methods and ran-

dom statistics

Many modelling techniques have been

applied in analysing MOFs, including approxi-
mate effective index models,!] plane-wave expansion
method,[?3! localized-function methods,?*! finite ele-
ment methods,?®! eigen matrix method, 2] finite dif-
ference time domain (FDTD) methods,[?”] and mul-
tipole methods.2122] Tn this paper, we use multipole
methods to analyse the modal properties of MOFs.
By using multipole methods, the confinement loss and
the chromatic dispersion can be obtained at the same
time. We use a full vector multipole formulation in
which the mode has generally complex propagation
constants. In the calculation, we choose 7-order mod-
ified Bessel functions of the first and second kind, and
a method of scanning the real and imaginary part of

index is used to solve the eigenvalue problem.

To describe the disorder of MOFs’ cross structure,
which is caused by the disturbance in the fibres’ fabri-

cation, a random disturbance model is adopted. The
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model includes the random positional disturbance and
the random diametrical disturbance. The positional
disturbance presents the air holes’ position error to
show the difference between the designed and the pro-
duced ones. In polar coordinates (r,6), the position
error includes two dimensions. The diametrical distur-
bance presents the air holes’ diameters (d) error. All
the disturbances may be positive or negative and the
extent of disturbance is denoted in percent. For the r
in polar coordinates and the d, air holes’ diameter, the
extent percent shows the range between the positive
peak and negative peak compared with the designed
ones. As an example,10% of disturbance means that
the error between designed and actual ones may be
positive or negative 0-5%. For the 6, angle in polar
coordinates, the extent percent shows the range be-
tween the positive peak and negative peak compared
with /3, so 10% of disturbance means that the angle
departure between designed and actual ones may be
from —7/60 to 7/60. This research is different from
that of those authors,'819 who study the situation
by changing d or d/A. They usually investigate the
MOFs’ characteristic by varying d and d/A in large
range, but all holes of MOFs have one d and d/A.
This work shows the difference between a certainly
designed structure and a produced one. In the former
case, all holes also have same d and d/A in a regular
crystal lattice, but in the latter case, which we mainly
consider, all holes have its own d (only a little error
of the former’s d) in a crystal lattice with random
disturbance. In the following, by using this random
disturbance model the effect of the structure error on
MOFs’ properties will be presented. Since the situa-
tion of structure error in MOFSs’ producing is complex
and unexpected, the random model is more reasonable

to instruct MOFs’ designing and producing.

3. Results and discussion

3.1. The confinement loss

The work done by Whitel'821:22] means that we
know how to choose proper cross section parameters
such as the ring number, the diameter of air holes,
d, the hole spacing, A, and their diameter to spac-
ing ratio, d/A, for the sake of designing a low con-
finement loss fibre. However, because of the reason
mentioned above, the actual fibre’s loss is different
from that of the designed one. A three-ring hexagonal

MOF with solid core region is chosen to study the dif-

ference. Figure 1 illustrates the transverse geometry
structure of this MOF. We calculate the confinement
loss of the fundamental mode for a 36-holed MOF with
cladding refractive index n,=1.44402, a hole spacing
of A=4pm, wavelength A=1550nm and diameter to
spacing ratio d/A=0.6. When there is no disturbance,
its confinement loss is about 0.03dB/km (Re(neg) =
1.432864441 + 107 Im(nes)=(8.430+0.001)107'3).

Then the loss of the MOFs with different
extents of disturbance is calculated by multipole
methods'*17l and some useful results that conduce
to the fabrication of MOFs can be obtained.

Fig.1. Transverse geometry of MOF's.

After calculating the MOFSs’ confinement loss for
dozens of times at each extent of structure distur-
bance, we obtained the six curves of Fig.2(a). We
set disorder range (%) as X axis and the MOFs’ con-
finement loss (dB) as Y axis. So each spot with coor-
dinates (z, y) means a specific extent of structure dis-
turbance which is diametric disturbance or positional
disturbance. Five hundred loss values at the same dis-
turbance extent is calculated. The statistic histogram
of the 500 spots with 5% diametric disorder is shown
in Fig.2(b). We accounted the number of the spots
by confinement loss from 0.024 to 0.038dB/km with
a step 0.0005 dB/km. The confinement loss is set as
X axis and the statistic number as Y axis and the
sum of all rectangle numbers is 500. The result in
Fig.2(b) shows that the spots are about normal distri-
bution. The spots with different disturbance extents
constitute some areas with two conspicuous borders.
In Fig.2(a) curve ¢ and curve d are the borders of the
area constituted by diametric disturbance spots, curve
e and curve f are the borders of the area constituted
by positional disturbance spots. Curve a and curve b
are obtained by different method which is described

in the following.
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Fig.2. The confinement losses of MOFs as a function of the disorder of the holes’ diameters and positions, with

A=4pm, n.=1.44402, A=1550nm and 3 rings of holes. In Fig.2(a), curve a is the upper limit of the confinement

losses in theory only with the disorder of the holes’ diameters, curve b is the lower limit in that condition. Curve

c and curve d are the upper and the lower limits of the confinement losses simulated by multipole method only

with the random disturbances of the holes’ diameters. Curve e and curve f are the upper and the lower limits of

the confinement losses simulated by multipole method only with the random disturbances of the holes’ positions.

Figure 2(b) is a statistic histogram of the spot between curve ¢ and curve d at 5% disorder.

In Fig.2(a), three groups of curves show the fol-
lowing results. The confinement loss is in inverse pro-
portion to air spacing average ratio. If the effect of di-
ametrical disturbance makes air spacing average ratio
enlarged, the MOFSs’ confinement loss will decrease.
On the contrary, it will increase. Basing on this rule,
we can obtain curve a and curve b as the upper and
the lower limit of the confinement loss in theory only
with the disorder of the holes’ diameter.

It is obvious that the deviation of loss (the range
between curve ¢ and curve d) is much less than the
theoretical one (the range between curve a and curve
b). The reason is that, by introducing random distur-
bance, the probability of reaching the limit of distur-
bance is very small (for MOFs with three rings, the
probability is less than 10736, of all holes diametrical
variation larger than 95% of the max limit or all less
than 95% of the min limit). Generally, the increscent
will counteract the contractive. So, besides actual loss
curves must lie between curve a and curve b. Curve ¢
and curve d show the random disturbance of the holes’
diameter. The probability of an actual MOF’s loss be-
tween curve c and curve d is larger than 99.99%. So
we regard the two curves as the most upper and the
lower limits of the actual confinement loss.

Another aspect, the loss deviation only with the
disorder of the holes’ positions is much larger than the

diametrical simulated one, also the diametrical theo-

retical one. Curve e and curve f show that the posi-
tional disturbances only increase MOF's’ confinement
loss, and the extent of increment is much more than
When

the degree of disturbances is over 3%, as shown in

the one caused by diametrical disturbances.

curve f, the lower limits of the confinement loss simu-
lated by multipole methods only with the disorder of
the holes’ positions will exceed the diametrical simu-
lated upper limit (curve ¢). When the degree of dis-
turbances is larger than 4% (curve e), the upper lim-
its of the confinement loss with positional disorders,
will exceed the diametrical random disturbance theo-
retical upper limit (curve a), and increase more and
more rapidly. As an example of concrete data, the
no-disturbance loss is 0.0297dB/km. When the ex-
tent of disturbance is 5%, the max loss in diametrical
disturbance simulation is 0.0375dB/km and the max
loss of theoretical calculation is 0.0805dB/km, but the
max loss in positional disturbance simulation reaches
0.116dB/km.

Figure 2(a) shows that diametrical disturbances
make the confinement loss increase or decrease. How-
ever, positional disturbances make it increase and the
effect is more prominent than the diametrical ones. As
a result, in order to get the MOF's with the designed
confinement loss properties, we should pay more at-
tention to holes positional accuracy than to their dia-

metrical accuracy.
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3.2. The chromatic dispersion

As we know that once the modal effective index
is solved, the dispersion properties can be readily ob-
tained by!28]

D=-Z

c
where ¢ is the velocity of the light in a vacuum and

o @)

A is the operating wavelength. To validate the fun-
damental mode solver, the dispersion properties of a
MOF with A=2.3um, d/A=0.6 and silica cladding are
calculated. The silica refractive index follows from the
Sellmeier equation. By varying the wavelength A\ with
the step 5nm, we obtained the corresponding effective
index n.g was obtained. The dispersion curve can be
worked out by Eq.(1).

A full dispersion curve of MOFs with three rings
of holes is shown in Fig.3. Compared with the disper-
sion curve with the same structure as that calculated
by White, there is a good agreement. The material
dispersion can be obtained directly from the three-

term Sellmeier formula.

120

D/(psnm=! k1)

1000 1200 1400 1600
A/nm

Fig.3. The chromatic dispersion of the MOF with
A=2.3pm, d/A=0.6, and three rings of holes. Curve
a is the sum of cure b and curve c. Curve b is mate-
rial dispersion from the Sellmeier model for silica, and

curve c is the waveguide dispersion of MOFs.

The dispersion curve with three rings of holes has
been closed to convergent, so a 3-ring MOF is selected
and other structure parameters are given by A=4pum,
ne=1.44402, A=1550nm and d/A=0.6. The extent of

disturbance is 1%, 2%, 5% and both positional and

diametrical will be considered.

The curves in Fig.4 except curve a are obtained
by the same method as that of curve ¢ and curve d
in Fig.2(a). 300 dispersion curves with 1%, 2% and
5% random diametric disturbance constitute strips
whose boarders are curve b to curve g. As shown
in the Fig.4(a), the shapes of the dispersion curves
only with diametric disorder are similar to the one
without disorder. As the extent of increasing disor-
der, the difference between the upper limit and the
lower limit becomes larger. In Fig.4(a), at A=1550nm,
the dispersion without disorder is 57.20ps/(nm-km)
(calculated from Eq.(1), the upper and lower lim-
its dispersion with 1% diametric disorder are 57.21
and 56.97 ps/(nm-km).
its dispersion with 2% diametric disorder are 57.22
and 56.87 ps/(nm-km).
its dispersion with 5% diametric disorder are 57.27
and 56.80ps/(nm-km) and Fig.4.(c) is the statistic his-

togram of this dispersion area. Figure 4(c) show that

The upper and lower lim-

The upper and lower lim-

most of dispersion values are about 57.15ps/(nm-km)

and the distributing is about normal distribution.

We also calculate dozens of dispersion curves with
5% random positional disturbance, but as these curve
is more different from the one without disorder, a typ-

ical one (curve d) is selected in Fig.5(a).

As shown in Fig.5(a), it is obvious that the de-
viation of the dispersion curve d caused by positional
disturbance is much greater than the one caused by
diametrical disturbance. There is little difference be-
tween curves a, ¢ and b, but an obvious difference
between curve d and curve b. So it can be seen that
MOFs’ dispersion is more sensitive to positions of their
holes than to the diameters. The dispersion curves
with different disorder extents(1%, 2% and 5%) are
given in Fig.5.(b). Their shapes are alike but quite
different from the one without disorder. As increasing
positional disorder the dispersion curves distort more
seriously. In order to get a MOF with designed dis-
persion properties, we should also pay more attention

to holes positional accuracy.
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Fig.4. The chromatic dispersion of MOFs by multipole methods only with the disorder of the holes’ diameters
under different conditions. Curve a is the chromatic dispersion without disorder. Curve b and curve e are the upper
and the lower limits of the chromatic dispersion under the condition of 1% random diametric disturbance. Curve
c and curve f are the upper and the lower limits of the chromatic dispersion under the condition of 2% random
diametric disturbance. Curve d and curve g are the upper and the lower limits of the chromatic dispersion under
the condition of 5% random diametric disturbance. Figure 4(b) is the details of Fig.4(a). Figure 4(c) is the statistic

histogram of the dispersion result after simulating 100 times at 1550nm with 5% diametric disorder.
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Fig.5. The chromatic dispersion of MOFs under different conditions. Curve a and curve c in Fig.5(a) are the
upper and the lower limits of the chromatic dispersion by multipole methods only with the disorder of the holes’
diameters. Curve b in Fig.5(a) and Curve a in Fig.5(b) are the chromatic dispersion without disorder. Curve d in
Fig.5(a) and Fig.5(b) are the representative of the dispersion curves only with 5% disorder of the holes’ positions.

Curve b and curve c in Fig.5(b) are the representative of the dispersion curves only with 1% and 2% disorder of the
holes’ positions.
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4. Conclusion

This work combines multipole methods with ran-

dom statistics to show the effect of random distur-

bance error of fibres’ fabrication on the MOFSs’ loss

and the chromatic dispersion. As a result, positional

accuracy is more important in fabrication of MOFs.
In order to obtain a MOF with the designed loss and

dispersion properties, more attention should be paid

to holes’ positions than to their diameters.
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