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Properties of a Highly Birefringent Photonic
Crystal Fiber

J. Ju, W. JinSenior Member, IEEEand M. S. DemokarSenior Member, IEEE

Abstract—\We report the results of our recent investigation
on the properties of a highly birefringent photonic crystal fiber
including modal birefringence, mode field diameter, divergence
angle, and polarization mode dispersion, which are important for
sensing and communication applications.

Index Terms—Birefringence, finite-element method (FEM), pho-
tonic crystal fiber (PCF), polarization.

I. INTRODUCTION

HOTONIC crystal fibers (PCFs) have attracted significant

attention recently because of their unusual properties
such as endlessly single-mode operation [1] and anomalous
group-velocity dispersion (GVD) in the visible region [2],
[3]. PCF can be made highly birefringent (HB) by having
different airhole diameters along the two orthogonal axes
[4], [5] or by asymmetric core design [6]. These fibers have
demonstrated modal birefringence of an order of magnitude
higher than that of the conventional high-birefringent fiber
[7] and have potential for a number of applications such as
high bit rate communication systems, polarization maintaining X axis (jum)
(PM) pigtailing of photonic devices, and PM fiber loops for_ o _

. . . . . . Fig. 1. Electric field vectors of thg-polarized fundamental mode.

gyroscopes. These applications require a detailed |nvest|gat|09h
of the optical properties of PCFs, which, to our knowledge,
have not been fully investigated. These properties include©Qur calculation confirms that two nondegenerate funda-
modal birefringence, mode field diameter, divergence angdRental modes are well confined to the core region. By analogy
(or numerical aperture), and polarization mode dispersion. ifethe conventional HB fibers, we call these two approximately
here report the results of our investigation on the properties/éfearly polarized modes a#l Ef, and H EY;, respectively.

y axis (um}

the PCF first reported by Ortigosa_B'anehaL [4] Flg 1 ShOWS the electl’iC f|e|d vector Of tl’y3p0|arized fun'
damental mode. The effective index corresponding to the two
Il. RESULTS AND DUSCUSSION polarization modes are demoted as and n,. The modal

o ) birefringenceB = |n, — n,| of such a fiber as a function of

A full-vector finite-element method (FEM) with perfect conyayelength is shown in Fig. 2 (the line with crosses). At wave-
ductor boundary conditions [8], [9] is used to perform numefangth 1540 nm, the birefringence isxd0 3, corresponding
ical calculation. The cross section of the PCF is modeled by g3 peat length.; = A/B = 0.385 mm. This value is in

idealized version with all the holes assumed to be circular aggod agreement with the measurement data & 0.42 mm)
their sizes matched to that of the scanning electron micrografdhorted in [4].

(SEM) of the PCF presented in [4]. The central part of the PCF £or the HB PCF reported in [4], anisotropy was induced by
is magnified and shown in Fig. 1, and the full domain in oYsositioning of capillaries with the same external diameter but
calculation is a circular area with a radius of 2m. Before the  gitferent wall thickness, leading to different airhole sizes in the
FEM program was applied to the fiber shown in Fig. 1, it Wag|adding of the PCF. The influence of hole size on the modal
tested with step index fibers and other PCF fiber structures. Tg@efringence is, thus, important from a practical design point
calculated propagation constant and dispersion property agi¢giew. The computer simulation results of the modal birefrin-

well with the reported data in [9]. gence for the PCFs with various hole size are also presented
in Fig. 2. As expected, the birefringence increases with a de-
Manuscript received April 10, 2003; revised June 10, 2003. crease in the size of the small holes)[see Fig. 2(a)] and an
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Fig. 3. Calculated GVD for the two fundamental polarization modes of the
7  fiber presented in [4]: the polarized (solid line) and the polarized (dotted

line).
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Fig. 2. Dependence of modal birefringence on the size of the holes. (a) 1
sizes of the small holes are increased frém= 0.2um to 1.0um in steps
of 0.2 um with d>/A = 0.6. (b) The size to pitch ratio for the big holesis 0.2}
increased froml, /A = 0.5to 0.8 in steps of 0.1 with, = 0.4«m. The lines
with crosses in them are the simulated results for the fiber presented in [4] w
dy = 0.43um,d> = 1.3um andA = 1.8um. 0
-3

/
the light confinement property of the fiber is affected when the oy fum)

hole size becomes small. In our simulation, we found a larggy. 4. Normalized intensity of-polarized fundamental moda & 1540nm,
portion of light field extends beyond the first small holes for direction: solid liney direction: dashed line) and the corresponding Gaussian
d; = 0.2um although a relative high birefringence can be off! dotted ine).
tained [the dotted line in Fig. 2(a)]. It is, therefore, more prac-
tical to achieve a higher birefringence through the increaseshown in Fig. 3. The large polarization mode dispersion is an
d»>/A. However, an increase in the valuedsf/ A would result indication of the intentionally introduced anisotropy in PCF.
in multimode operation at the working wavelength. We have Mode field widthw and half divergence angteare important
conducted extensive search on the possible modes that capé&®ameters for the study fiber to fiber and fiber to waveguide
supported by the PCF and found that, for = 0.4um and joints, bending induced loss, and nonlinear fiber optics. For a
da/A = 0.8, such PCF cannot support a second-order mo@aussian field, the mode field width (diametes)is that at
when the operating wavelength is beyord 1.4um. Further which power is reduced to/e? of the maximum power, and
simulation shows PCF witth, /A = 0.5 is single mode at wave- the corresponding half divergence an@lean be expressed as
length 1.3um. 6 = tan—!\/mw [10]. Since the light intensity distribution
The nondegeneracy of the two polarizations verified bgf the highly birefringent PCF is not circularly symmetric, the
the computed values of effective indexes can lead to differanbde field widths ¢, andw,) and the half divergence angles
group velocity. Different group velocities caused by the smal,. andd,) along thex andy directions are different. Numerical
departures from perfect hexagonal symmetry have been ealculation shows that the intensity distributions along the two
perimentally observed [3]. The GVD, which is an importantrthogonal directions can be approximated by proper Gaussian
parameter for high bit-rate transmission systems that udasactions (see Fig. 4), and the root mean square (rms) error of
polarization maintaining fibers [5], was calculated and i#hex andy direction intensity fitting is 0.012 and 0.065 for the
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andd,) are significantly bigger than that along thelirection
(w, andf,).

I1l. CONCLUSION

A highly birefringent PCF [4] is successfully modeled and an-
alyzed by using a full-vector FEM. The calculated birefringence
is in good agreement with the measurements reported previously
in the literature. The birefringence may be further enhanced by
increasing the size to pitch ratio for the bigger holes. The GVDs
of the two polarization modes are significantly different, espe-
cially at longer wavelength. The mode field distribution has ap-
proximately an elliptical shape with the width of the major axis
significant bigger than that of the minor axis. The mode field
area increases froifw,, : w,) = 2.02um: 2.94:m at 1000 nm
and to 2.1%m: 3.4um at 1500 nm. The half divergence angle
is, however, significantly bigger along the minor axis than in the

e =" | major axis and increased froffi, : 6,,) = 0.21rad 0.31 rad to
e NN .+ _..x 10.28 rad:0.41 rad. The mode field widths and the divergence
_ -+ d/A=08 e ,g:,::fg" angles can be adjusted by varying the parameters of the PCF.
B 04r|-%- Refl4] - e
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