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Two kinds of fabricated hollow-core photonic crystal fibres (HC-PCF's) are studied using finite element method

(FEM) because the structures of the fibres are special.

Normalized transmission spectra and transverse intensity

distribution of the modes are calculated and measured. And the dispersion characteristics of these two kinds of HC-

PCF's were analysed from 400 nm to 800nm. Simulated and measured results show that the special structure could

affect the properties of HC-PCFs. By comparing the simulated values with the measured results, it can be clarified that

FEM is feasible and accurate for analysing photonic crystal fibres whose structures are irregular and complex.
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1. Introduction

Photonic crystal fibre (PCF) can be classified as
total internal reflection (TIR) PCF and photonic band
gap (PBG) PCF. Solid core PCF is one of the total
internal reflection PCFs. In this fibre, the energy is
limited in silica and effectively propagates in the form
of guided mode in the axial direction of the fibre. Be-
cause refractive index of solid core is still higher than
cladding effective index, the transmission mechanism
of this kind of PCF could be simply explained by the
principle of total internal reflection, similar to conven-
tional fibres. HC-PCF is a kind of typical PBG fibre.
The conception of HC-PCF has been first put forward
by Russell in 1991.01 Later, Birks et al demonstrated
this theoretically in 1995.[2l Bandgap photonic crystal
fibre was made by Knight et al for the first time in
1998.031 On the basis of these work, the first HC-PCF
was designed and made by Cregan et al in 1999.14
Different from the solid core fibre, the core of HC-
PCF is a larger air hole, so the refractive index of
the core is lower than cladding effective refractive in-
dex, and its guided mechanism should be explained
by the photonic bandgap effect. The air holes in the
cladding of HC-PCF must be in strict periodicity and

the core is formed by destroying periodic structure
of the cladding. According to the theory of PBG,
only the wavelengths of specific frequency could be
localized in the core, and the other frequencies will
rapidly attenuate in the form of surface mode and
leaky mode, which cannot propagates in axial direc-
tion of the fibre. The light propagating in the air core
can greatly reduces losses, dispersion and nonlinear
effect,l which is of great advantage to the practical
application of HC-PCF. The fabrication of HC-PCF
is much more difficult than that of solid core PCF,
because any subtle changes in the fabrication course
will cause distortion in fibre structure, which will di-
rectly affect the characteristics of HC-PCF. In this
article, the normalized transmission spectrum, trans-
verse intensity distribution of the mode and dispersion
characteristic of the two kinds of fabricated HC-PCFs
are studied using FEM. The specializations of these
fibres lie in two aspects: first, there are triangular air
holes in the node areas of both kinds of HC-PCFs;
second, the first ring around the core is deformed be-
cause of the air core expanding. To ascertain the po-
sition of photonic band gap of the fibre, the transmis-
sion spectrum is measured and calculated. After find-
ing the position of photonic band gap, the dispersion
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parameters of fundamental mode of the two kinds of
HC-PCFs are completed according to the effective re-
fractive index and transverse intensity distribution of
the modes calculated by FEM. The characteristics of
special-structured HC-PCF and the analytical method
in this article can be used as references for analysis and
fabrication of HC-PCF in the future.

2. Theoretic fundamentals

2.1. Choice of simulation method

There are many numerical methods used in PCF
analysis.[0=8 Scalar methods are feasible to TIR, but
not applicable to HC-PCF guiding light by photonic
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bandgap effect. Plane-wave method and finite differ-
ence method are difficult to accurately simulate HC-
PCFs whose cladding is irregular. (see Fig.1.)

Figure 1 shows the special-structured HC-PCFs
fabricated by twice-fabrication method. It could be
seen from cross sections that there are distinct tri-
angular air holes in the node areas of the fibres and
the first rings around the hollow cores deformed ob-
viously, which increase the diameters of the hollow
cores. These changes of the structures make air filling
fraction in HC-PCF's increased. Because conventional
method of simulation is difficult to correctly show the
effects caused by the changes in fibre structure, FEM
is used to analyse these special-structured HC-PCFs.

Fig.1. The total and partial cross sections of two kinds of fabricated HC-PCF, (a) A=4.2 ym,

d=3.7 pm, (b) A=4.8 um, d=4.0 pm.

2.2. Finite element method

2.2.1. The model establishment of cross section
of HC-PCF and the triangular net divi-
sion

To analyse the special structure of HC-PCFs,
firstly, the proper cross-section model of the fibre
should be established to show the triangular air holes
in the node areas and the deformation of the first

rings around the core caused by hollow core expansion.
After establishing the model, self-adapting triangular
nets are used to divide the cross section. The informa-
tion of divided cross-section can be extracted as the
data for later computation. If we want to obtain a
much more accurate solution, we could make the nets
multiplicated by increasing divisions. The number of
rings is taken to be five for the simulations.
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2.2.2. Establishment and computation of eigen-
value equation

There are many methods to deduce the eigenvalue
equation from Maxwell equation and the deduction
course is very complicated. Here only a brief introduc-
tion is given. The vector wave equation is expressed
as follows:

1
=0 (1)

where H(r) is magnetic field, p(r) and (r) are rel-

V x [ VXH(’I‘):| —k2p(r)H (r) =0,

ative permeability and relative permittivity, respec-
tively; ko = 27/ is wave number in vacuum, and X is
wavelength. Because the refractive index is different
in the air holes and silicon, the vector wave equation
in the element could be expressed as

(V3 +kini — %) H =0, (2)

where subscript ¢ is the number of elements, n; is
the index in this area, ( is propagation constant,
ko = 2w/ is wave number in vacuum, and X is wave-
length. Through the GALERKIN algorithm, we can
obtain eigenvalue equation after a series of compli-
cated deductions,

([A] = nZs [B]) {h} =0, (3)
where [A] and [B] are sparse matrix related to the
structure of cross section, nZ; and {h} are eigenvalue
and eigenvector respectively, corresponding to effec-
tive refractive index and transverse intensity distribu-
tion of the mode. Through effective refractive index,
the dispersion parameter D(\) of HC-PCF could be
obtained through the following equation,

where A is wavelength, nlg is the real part of neg.
From the imaginary part of nes, the normalized trans-
mission spectrum of HC-PCF in unit length could be
calculated by the following equation,

(5)

P A

ﬁ = exp (kaonéH) ,
3

Here P, is the input power, P; is the output power,

nle is the imaginary part of neg, ko = 27/ is the

wave number in vacuum, and A is wavelength. Ac-

cording to the normalized transmission spectrum, the
position of HC-PCF bandgap could be clarified.

3. Results and analysis

3.1. Computation and measurement of
normalized transmission spectrum

Because HC-PCF could only guide light whose
wavelength is within photonic band gap, in

order to ascertain the position of HC-PCF band gap,
the transmission spectra of the fibres should be com-
puted and measured. In actual measurement, bromine
tungsten-arc lamp is used as light source. The trans-
mission spectra are normalized in a logarithmic scale
to show the results clearly. In order to indicate the
loss of these fibres indirectly, the length of HC-PCF
is taken to be 1km for simulation. And for the con-
venience of comparison, the measured values are nor-
malized to 1km and the unit of ordinate is dB. The
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Fig.2. Normalized transmission spectra of two kinds of special-structured HC-PCFs, (a)

A=4.2 ym, d=3.7 pm, (b) A=4.8 ym, d=4.0 pm.
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It could be seen in the above figure that the com-
puted normalized powers of these two kinds of HC-
PCFs are bigger than measured values, and the shape
of curves are not in full accord. The reason is as fol-
lows: only the effect of confinement loss on output
power has been considered for computation, however,
the absorption and scattering of light caused by im-
purities in fibres will weaken the output power to a
degree. As we expect, although the computed and
measured values do not agree very well, the position of
the photonic bandgaps could be clearly seen from nor-
malized transmission spectra, so the wavelengths in
the bandgaps could be found. In Fig.2, it can be seen
that the measured positions of HC-PCF bandgaps are
in accordance with calculated results, which shows the
feasibility and accuracy of FEM. From the normal-
ized transmission spectra, it can be found that the
photonic bandgaps of these two kinds of HC-PCFs
cover the whole visible wavelengths, which is seldom
to HC-PCFs. This is because the triangular air holes

(a)

in node areas of both kinds of HC-PCF's greatly in-
crease the air filling fraction. It makes photonic band
gap move to short wavelengths and cover the visible
region. In the past research, the band gap of HC-PCF
generally centralizes in infrared wavelengths. Moving
the bandgap of HC-PCF to visible wavelength range
is not only of advantage to observation and measure-
ment but also of benefit to the development of com-
munication in these wavelengths because this kind of
HC-PCFs is fit for the transmission of ultra-short op-
tical pulse. After finding the position of the bandgaps,
transverse intensity of the fundamental mode and the
dispersion characteristics of the fibres will be studied
in the wavelengths ranging from 400 to 800 nm.

3.2. Computation and measurement of
HC-PCF mode

The near-field patterns of the fundamental modes
(see Fig.3) also can be observed when the transmission
spectra of these two kinds of HC-PCF's are measured.

(b)

Fig.3. Near-field patterns of the fundamental mode of the two kinds of special-structured HC-
PCFs, (a) A=4.2 ym, d=3.7 um, (b) A=4.8 ym, d=4.0 pm.

The length of the measured fibre is about 60 cm
and the light source is bromine tungsten-arc lamp. In
the transmission spectrum, there is a small peak in
the 500-600 nm wavelength range. To show the re-
sults computed by FEM, 532 nm is chosen as the input
wavelength, in the meantime the effective index and
transverse intensity distribution of the guided mode
are computed in this wavelength, which correspond
to eigenvalue and eigenvector of eigenvalue equation,

respectively. The results are shown in Fig.4.

As shown in Fig.4, the patterns of the guided
mode are computed at 532nm. The eigenvalues cor-
responding to the modes are marked in these figures.

To clearly see the cross section of the HC-PCF, the
contours of the modes are also drawn. The units of
both abscissa and ordinate are both micron in order
to show the structure of HC-PCF. Because the disper-
sion parameter only depends on the real part of the
effective index, the eigenvalue N (i) marked in draw-
ings is the square of the real part of effective index
nig, and ¢ is the sequence number of this eigenvalue
in all the computed eigenvalues. When using FEM for
calculation, eigenvalues and eigenvectors of eigenvalue
equation are not unique, and they could reflect all the
modes which could exist in fibres, including high-order
mode. The purpose of obtaining the patterns of the
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fundamental mode is that the effect on the localization
can be seen from the patterns. From Fig.4, it can be
found that the fundamental mode is localized in the
air core of HC-PCF even if the number of rings is less
than three at 532nm wavelength. It is also a prop-
erty of these special-structured HC-PCFs. However,
in order to make the calculated results much more ac-
curate, the number of rings is taken to be five for all
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the simulations except for drawing Fig.4. The other
advantage of this pattern is that the eigenvalue corre-
sponding to the fundamental mode can be accurately
found out by observing the transverse intensity distri-
bution of the mode if the eigenvalue corresponding to
high-order mode is very close to the one corresponding
to the fundamental mode at some wavelengths.
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Fig.4. The contour patterns of the fundamental modes and corresponding effective refractive
index of the two kinds of special HC-PCFs calculated by FEM, (a) A=4.2 pm, d=3.7 ym, (b)

A=4.8 pym, d=4.0 pm.

3.3. Dispersions of
HC-PCFs

special-structured

Compared with fundamental mode, the leakage
of higher order modes is much more serious, and it
could be considered as a single mode operation when
the length of fibre is more than 1m. So the dispersion
parameter mainly depends on the fundamental mode.

The dispersion parameters of the fundamental
mode in the range of 400-800nm are calculated by
Eq.(4). After that, the results are fitted by least

square method and the dispersion curves of the fun-
damental mode are shown in Fig.5.

The solid curves in Fig.5(a) and 5(b) are the dis-
persion curves of the two kinds of special-structured
HC-PCFs. It could be found that in 400-800 nm wave-
length range, the dispersion parameters of the two
kinds of HC-PCFs is less than 12 ps/nm/km, which is
much smaller than the values reported in Refs.[9-12].
It is because the total dispersion of fibres mainly de-
pends on the material dispersion and the waveguide
dispersion. For solid-core fibres, material dispersion



3784 Meng Jia et al

Vol. 17

is dominating; however, for HC-PCFs, waveguide dis-
persion is predominant because the light is guided in
the hollow core. Compared with HC-PCFs studied
in Refs.[9-12], the hollow core diameters of this kind
of special-structured HC-PCF are much larger, so the

— O-
|
=]
<
T
g ]
=
& -8
~
Q]
-12

400 500 600 700 800
A/nm

material dispersion is much weaker and the total dis-
persion is smaller, i.e. the total dispersion could be
reduced greatly by increasing the diameter of the hol-

low core.
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Fig.5. Dispersion curve of fundamental mode of special-structured HC-PCF, (a) A=4.2 um,

d=3.7 pm, (b) A=4.8 um, d=4.0 pm.

4. Conclusions

From the simulated and experimentally measured
results of normalized transmission spectra, it could be
seen that the lowest loss of both kinds of HC-PCFs
is about 56 dB/km, which can meet the requirement
in practical applications. In the past researches, the
bandgaps of HC-PCF generally centralize in infrared
wavelength range; however, the bandgaps of these two
kinds of HC-PCF nearly cover the whole visible region.
This is because there are triangular air holes in node
areas and the first ring around the hollow core is de-
formed. These changes of structure greatly increase
air filling fraction, which makes photonic bandgaps
move to the short wavelengths. This effect gives a
reference to designing and fabricating HC-PCF which
can guide light in visible wavelength region.

Because the core diameters of these special-
structured HC-PCFs lie between from 10 and 20 mi-
cron, the total dispersion is hardly affected by mate-
rial dispersion. So the dispersion parameters in wave-
length range from 400 to 800 nm are smaller. These
simulated results provide a basis for the application
of large-core HC-PCF in the field of fibre communica-

tion.

FEM can be used to simulate the fibre with irreg-
ular and complex cross-section. The effective refrac-
tive indices and the transverse intensity distributions
of fundamental mode and higher-order modes can be
calculated. By comparing simulated values and mea-
sured results, it can be clarified that FEM is feasible
and accurate for the study on special-structured HC-
PCFs.
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