Optica Applicata, Vol. XLIV, No. 3, 2014
DOI: 10.5277/0a140303

A new design of a photonic crystal fiber
with a beam shaping effect

and flexible management of dispersion
and confinement loss

YucHUN HuAaNG, PING JIANG*, HuAJUN YANG, MINGYIN YU

School of Physical Electronics, University of Electronic, Science and Technology of China,
Chengdu 610054, China

"Corresponding author: jiangp@uestc.edu.cn

A new design of a guiding-index photonic crystal fiber which possesses a beam shaping effect and
flexible control of dispersion has been proposed in this paper. It can shape a Gaussian beam into
a circular hollow beam with certain dimension, which can be used in optical communication
systems with a Cassegrain antenna to improve transmission efficiency by avoiding the loss of
energy caused by the subreflector center reflection. In addition, its dispersion and confinement
loss can be changed in a broad range by slightly adjusting structural parameters under condition
that the hollow beam dimension remains about the same. Fairly practical properties, zero dispersion
or flattened dispersion, can be obtained when structural parameters are set appropriately. A series
of models with different parameters are analyzed and compared. Results of numerical simulation
show that the ultra-low dispersion of 1.802 ps/km/nm can be obtained when A= 1.31 um. Several
modest design parameters are given as well.
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1. Introduction

Photonic crystal fiber (PCF) [1] is a novel kind of an optical fiber whose clad is
composed of air holes running along its length. Since its first fabrication in 1996 [1],
PCF has attracted considerable attention because of excellent propagation properties. It
has exhibited extraordinary features such as a wide range of single-mode operations [2],
easily controllable dispersion [3, 4], birefringence [5, 6], and tailorable effective mode
area [7, 8]. Strong potential has been shown in nonlinear fiber optics such as the gen-
eration of a super-continuum [9] and in many other novel fiber devices [10]. What is
more, a flexible and precise management of chromatic dispersion in a broad spectral
range makes it receive wide attention in applying in optical communication, such as
coping with ever-increasing data rate and spectral density of wavelength division mul-
tiplexing (WDM) channels [11].
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Many designs have been proposed to engineer chromatic dispersion in PCF. Some
researches transform material to achieve it by doping the core area [12, 13] or filling
the cladding air holes with liquid [14], other researches vary structures by employing
special shaped air holes [15, 16] instead of circular air holes. Flattened or near-to-zero
dispersion characteristics can be obtained. In some cases, a special ring-shaped beam,
usually hexagonal or square, can be generated as a by-product [17]. However, on one
side, these polygonal ring-shaped beams cannot apply to some optical systems per-
fectly. For example, in the optical communication systems with a Cassegrain antenna,
to avoid the loss of energy caused by the subreflector center reflection [18], a circular
hollow beam [19] works more efficiently than those polygonal ring-shaped beams. On
the other side, a change in structure parameters aiming at a proper beam size may de-
teriorate the dispersion characteristics.

In this paper, a novel large-mode-area PCF with a coaxial ring-shaped defect in
the air hole clad is constructed based on the index guiding principle. The design details
of the PCF are proposed in this paper and numerical analysis has been elaborated.
The modes of the proposed fiber are analyzed by the finite element method (FEM).
The results of simulation with the analysis and comparison covering electric field dis-
tribution, beam dimension, chromatic dispersion and confinement loss have been pre-
sented. The proposed fiber can be used in space optical communication systems to
greatly enhance the transmission efficiency. And a good management of chromatic dis-
persion can be achieved under the premise that the beam size and type remain the same.

2. Design method and numerical analysis

As anew kind of optical fiber, PCF consists of a core and clad, obeying the propagation
law of total internal reflection, which is similar to a traditional optical fiber. PCF is
made up of unitary material, whose clad is a microstructure built by punching sub-mi-
crometer air holes tightly and periodically. It can be sorted to two types according to
distinct structures: index-guiding PCF [20] and band-gap PCF. The core of index-guid-
ing PCF is composed of host material, hence the refractive index of the core is higher
than that of the clad. The new designed structure proposed in this paper exactly belongs
to this type.

The optical beam with zero central intensity is called a hollow beam (HB). Con-
ventional geometry [17, 21, 22] of PCF was always built based on a hexagonal or tri-
angular lattice, thus the cross-section of the core is a hexagon or hexagonal ring
actually. On the contrast, the air holes are arranged in a series of concentric circular
rings regularly in the proposed PCF, whose cross-section is shown in Fig. 1a. To pro-
duce HB, a new structure is designed, which is shown in Fig. 1b. The host material is
fused silica. Several layers of the air holes are removed to form an annular core, and
the light can propagate in this area whose refractive index is higher than in the rest
region of the fiber. The air hole pitch A, the distance between any two adjacent layers
is 1.2 um and the radius of the air hole » is 0.4 um. Obviously, an annular core of
the new design is a circular ring. While, a hexagonal ring-shaped core can be obtained
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Fig. 1. Cross-section of new proposed PCF (see text for explanation).

when a similar removing method is applied to conventional geometry. The difference
between them may cause distinct field distribution of a propagating beam, which will
be particularly discussed in the simulation section.

Chromatic dispersion is an essential indicator when estimating a nonlinear fiber,
because it has direct effects on pulse broadening, walk-off and phase-matching con-
ditions [23], thus determining the bandwidth and energy requirement of the device to
which the fiber is applied. The total chromatic dispersion is separated into two parts:
material dispersion and waveguide dispersion. The former only relies on wavelength
in vacuum for certain material, while the latter has relation with both the wavelength
in vacuum and the effective refractive index which is gained by simulation.

The total dispersion D, is approximately a combination of material dispersion D,,
and waveguide dispersion D,,, therefore we obtain [24]

D,=D,, +D,, (1
Waveguide dispersion D, is given by [25]

d’Re[n,q(1)]
p, =-2 - )

¢ dA

where ¢ denotes the speed of light in vacuum and A denotes the wavelength of light in
vacuum and n. means the effective refractive index.

Due to the finite number of layers of air holes, leaking of the light of the ring to
exterior matrix material is occurring through bridges between air holes, resulting in
the confinement loss ¢, which can be obtained by [26]

40 Im(n )

e R @)

Here, A denotes the wavelength of light in vacuum and n.4 means the effective
refractive index as well.
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3. Simulation and discussion
3.1. Proposed structure

A model is built based on the structure shown in Fig. 1b. The refractive index n, of
the host material (fused silica) is 1.45, while that of air, n, is 1. The finite element meth-
od (FEM) was employed to analyze the mode properties of the PCF. The advantage
of'this way is that it can handle PCF with any structure parameters and any arrangement
of the air holes. Using the FEM, the electric field distribution in a cross-section can
be obtained when the incident beam is a Gaussian beam. Figure 2a shows the electric
field distributions of an incident beam. Figures 2b and 2¢ show the electric field dis-
tribution of a beam propagating in proposed PCF by 3D and 2D separately.
Comparing Fig. 2a with Fig. 2b, it turns out that the incident Gaussian beam is
shaped into a circular HB, whose main electric field region is a circular ring, rather
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Fig. 2. Electric field distribution of proposed structure (see text for explanation).
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than a disc. From Fig. 2¢, it can be easily observed that the electric field of a beam
propagating in proposed PCF is almost wholly confined to the ring-shaped core.
Compared with the simulation result in [17, 22], whose HB shape is hexagonal, a cir-
cular HB is more suitable for space optical communication systems to avoid the loss
of energy caused by the subreflector center reflection in the optical antenna. The trans-
mission efficiency in the optical communication system will be greatly enhanced.

To study the influence of a ring-shaped core size on circular HB dimension, three
structures are considered and discussed. The three structures are the same in the pa-
rameter setting of A =1.2 um and » = 0.4 um, so as materials. The only difference
among them is size and position of the defect. One is formed by removing the third
and the fourth rings of air holes, as is shown in Fig. 1b. Similarly, the other two are
formed by removing the second and the third rings, the second to the fourth rings re-
spectively. In order to state conveniently, they were named 734, 7,3 and r,3, in order.

In [19], DSS is defined as the full-width half-maximum (FWHM) of the radial in-
tensity distribution of HB. Parameter Wy is the full-width of the maximum intensity
times e 2. And 7, is half of the distance between two peak values. Then the width of
the hollow beam W, can be obtained by the following equation: W, = Wpyg — 27
The normalized intensity distribution of the fundamental mode in above three struc-
tures is illustrated in Fig. 3. Images of the corresponding PCF profile are placed in each
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Fig. 3. Normalized intensity of HB generated by corresponding structure.
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Table 1. Dimension parameter of HB.

DSS[um]  2rg[um]  Wpug[um] W, [um]
Fas 2.9646 5.5908 8.4903 2.8996
Fasa 32185 6.5978 10.3275 3.7298
Fau 5.6000 8.0582 10.9278 2.8696

subgraph, they are r,3, ry34 and r3, from top to the bottom. In the first subgraph, indi-
cators Wpyg, 21y and DSS have been marked using arrows.

Dimension parameter of HB generated by the three structures was obtained by data
processing, which is shown in Table 1. It can be seen from the Table that r,;, reaches
maximum in #,, meanwhile, r,; and 3, achieve minimum and maximum as to DSS.
Obviously, there is a positive correlation between the annular core width and HB width,
as with the annular core internal diameter and HB internal diameter. Though not a di-
rect proportion, this rule can still be a guideline when PCFs are designed to generate
a circular HB with certain dimension.

Then the core size influence on chromatic dispersion was also studied by discussing
above three structures. Figure 4 shows the effective refractive index n.¢ of three struc-
tures obtained by simulation. It is obvious that ny is approximate to the refractive
index of fused silica n,. Moreover, n.g of all structures decreases with the increase in
wavelength.
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Fig. 4. Effective refractive index vs. wavelength.

According to Egs. (1) and (2), the total dispersion is obtained, shown in Fig. 5.
Apparently, for 4 =1.31-1.55 um, the wave band of optical communication, the total
dispersion is almost within the range of 30—60 ps/km/nm for each structure, which is
far from ideal on account of being large and not flat.

However, it has also been found that the total dispersion D, remains about the same
in above three structures. That is to say, when the annular core dimension is changed
aiming to obtain a circular HB with required dimension, the effect of resizing on dis-
persion characteristics could be ignored. Thus more attentions will be focused on dimen-



A new design of a photonic crystal fiber with a beam shaping effect... 381

100 |

50 +

Total dispersion [ps/km/nm]

0.8 1.0 1.2 1.4 1.6 1.8 2.0
Wavelength [um]

Fig. 5. Total dispersion curve in a broad wavelength range.

sional requirement of the generated HB in its early design phases. As to the management
of dispersion, an optimized structure will be studied in the following section.

3.2. Optimized structure and analysis

For the sake of a more flexible and precise management of chromatic dispersion,
the proposed structure above was optimized by punching a circle of air holes in the mid-
dle of the ring-shaped core, whose radius R is adjustable and much smaller than
the radius of other air holes, as is shown in Fig. 5. Other parameters are the same as
above, namely, A= 1.2 um, » = 0.4 um, n, = 1 and n, = 1.45. Absolutely, the structure
in Fig. 1b can be regarded as a special case of the structure in Fig. 6, namely, R = 0.
Based on recent researches [27, 28], electron beam lithography (EBL) can be used to
run a super-fine process of 0.1-0.25 um, with an error of tens of nanometers. This
method can satisfy basically the requirements of our design.

Figures 7a and 7b show the electric field distribution of optimized structure based
on Fig. 3 in 2D and 3D, respectively. It can be seen that the optimized structure has
an equally good performance in beam shaping, only with difference in electric field
distribution of the annular core region.
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Fig. 6. Cross-section of optimized structure.
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Fig. 7. Electric field distribution of optimized structure (see text for explanation).

1.2

o
o

°
~

Normalized intensity
[W/m?]

x [um]

Fig. 8. Normalized intensity of HB generated by optimized structure.

The normalized intensity distribution of the fundamental mode in optimized PCF
is illustrated in Fig. 8. Dimension parameters Wp;p and DSS are marked in the figure
as well. Compared to above three structures in Fig. 3, it can be found that HB generated
by the optimized structure has four peaks. This phenomenon may be explained by
the added air holes in an annular core, which tends to divide the annular core into two
coaxial rings. Therefore, the incident beam tends to converge in the two ring-shaped
parts simultaneously. The change is obvious, however, it has little effect on the dimen-
sion of the generated HB. Owing to the change of HB shape, above computing
method is not applicable. Instead, HB width can be calculated by the equation
W,.= (Wpug — DSS)/2. Here, the values of W, and DSS are 2.9426 um and 5.4205 pm
separately, being nearly identical with those of 734 in Table 1. In conclusion, adding
air holes in the annular core impacts on the HB dimension slightly.

To study the chromatic dispersion change rule vs. wavelength with different struc-
tural parameters, the parameter R in model B was set a series value of 0.05, 0.07, 0.09,
0.10, 0.12, 0.14, 0.16, 0.18 and 0.20 pum, respectively.
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Fig. 9. Effective refractive index vs. wavelength.

Figure 9 shows the effective refractive index n vs. wavelength of the designed PCF
with all parameter settings obtained by simulation. The dashed line represents the case
of R=0. It is obvious that n. s decreases with the increase in the wavelength A in
an irregularly varying slope in all cases.

The relation between the waveguide dispersion D, , of the designed PCF and the wave-
length A is described in Fig. 10, according to Eq. (2). Meanwhile, the abstract of ma-
terial dispersion —D,, with different wavelength A is calculated based on the Sellmeier
equation, drawn in Fig. 8 as well. Since the total dispersion D, is regarded as a linear
combination of waveguide dispersion and material dispersion, based on Eq. (1),
the points where the waveguide dispersion curve and the abstract of material dispersion
curve intersected indicate the case of zero dispersion. That is to say, the corresponding
horizontal axis values represent zero dispersion wavelength. All the points are marked
by red dots. It can be found that the zero dispersion wavelength increases with the pa-
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Fig. 10. Waveguide dispersion curve in a broad wavelength range.
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rameter R varying from 0 to 0.20 um. Therefore, adjusting the parameter R is an ef-
fective and precise way to manage zero dispersion wavelength flexibly.

To acquire more intuitive results, a linear combination of material and waveguide
dispersion is conducted. Hence, the total dispersion D, is obtained, shown in Fig. 11.
Apparently, for R = 0.09, 0.10 and 0.12 pm, the dispersion wavelength is 1.299, 1.383
and 1.575 um, respectively, approximate to the universe wavelength of optical com-
munication, 1.31 um and 1.55 um, which is a quite important character for optical
communication. Furthermore, Fig. 11 shows that the flatness of the total dispersion
curve varies with different values of the parameter R. Most noticeably, in the case of
R = 0.18 um, the difference in total dispersion is merely 3.94 ps/km/nm when the wave-
length A is spanning from 1.31 to 1.55 um, revealing a fairly good quality of optical
transmission.

For the models built above, the confinement loss was figured out on the basis of
Eq. (3). The results shown in Fig. 12 manifest that the confinement loss increases with
the rise of the wavelength A when the value of the parameter R is determined. The con-
finement loss falls from 32.64 to 3.635 dB/km when the parameter R ranges from 0.20
to 0.05 um, reflecting the rule that the confinement loss increases with the rise of
the parameter R for the same wavelength A. In the case of R = 0.05 um, the losses are
0.69 and 3.635 dB/km for A= 1.31 um and 4 = 1.55 pum, respectively, approaching to
zero. Hence, the structure can be designed feasible to propagate a light beam.

It can be seen from the above analysis that the optimized design achieves the expected
objective. In this design, HB dimension and dispersion characteristics are controlled
by two different parameters. The size of a ring-shaped core decides about HB dimen-
sion in the main, and the radius of air holes in the annular core can manage dispersion
flexibly. Considering those designs in [17], a good dispersion characteristic has been
obtained. But the dispersion is controlled by core shape and size, and HB is merely
a by-product generated sometimes. So generating a HB with required dimension may
result in unsatisfied dispersion characteristics. By the above comparison, it is obvious
that the optimized design behaves better and flexibly.

4, Conclusion

A new PCF with an annular core has been proposed, which is effective on shaping
a Gaussian beam into a circular HB. The shaping effects are confirmed by analyzing
the electric field distribution of the cross-section. Dimension of the generated HB has
been defined and calculated. Moreover, an effective method to manage the dispersion
characteristics has been proposed which has little effect on the dimension of the gen-
erated HB. Using this method assures the primary requirement that the generated
HB dimension remains nearly the same. Moreover, it is of remarkable flexibility of
adjusting chromatic dispersion and confinement loss by slightly altering a certain
structure parameter to meet the demands on practical applications, zero dispersion or
flattened dispersion in a specific wavelength range. In particular, the minimum value
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and optimum flatness of chromatic obtained by the proposed method are good and of
high applicability, such as 1.802 ps/km/nm with A= 1.31 umand R = 0.09 um. Owing
to these good properties, the design proposed in this paper is applicable to optical com-
munication systems.
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