View metadata, citation and similar papers at core.ac.uk

2472

brought to you by .{ CORE

provided by CiteSeerX

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 16, NO. 11, NOVEMBER 2004

Two-Mode Operation in Highly Birefringent
Photonic Crystal Fiber

J. Ju, W. Jin, and M. S. Demokan

Abstract—A photonic crystal fiber with different air-hole diam-
eters along the orthogonal axes is found to support only the first
two modes over a very broad wavelength range (>650 nm). The
second-order mode is approximately linearly polarized and has
stable-intensity lope positions that do not change in response to en-
vironmental disturbances. Strain sensitivity as a function of oper-
ating wavelength of a two-mode interferometric sensor made from
such a fiber is also investigated.

Index Terms—Finite-element method (FEM), photonic crystal
fiber (PCF), two-mode fiber.

1. INTRODUCTION

WO-MODE optical fibers have been investigated for a

number of device applications such as intermodal couplers
[1], selective modal filters [2], acoustooptic frequency shifters
[3], and strain and temperature sensors [4], [5]. The use of highly
elliptical core fibers stabilizes the second-order mode pattern
and significantly improves the performance of such devices. The
operating wavelength range of such devices is, however, limited
due to the limited (~150 nm) wavelength range available for
two-mode operation in elliptical core fibers [6]. In this letter, we
propose to use highly birefringent (HB) photonic crystal fibers
(PCFs) for two-mode devices. The wavelength range for two-
mode operation in PCFs can be much wider than that in ellip-
tical core fibers, and this coupled with other novel wave-guiding
properties associated with PCF, could extend significantly the
application range of these two-mode devices and open up new
possibilities. We report first the modal characteristics of the PCF
and then the results of a strain sensor made from such a PCF.

II. MODAL CHARACTERISTICS OF PCF

The PCF investigated here is an idealized version of the HB
PCF made by Blazephotonics (Fig. 1). The PCF is of an index-
guiding type with a solid silica core surrounded by an array of
air-hole running along its length. The PCF is characterized by
three parameters: the pitch of the air-holes A = 4.179 pm, the
diameters of the small diameters d; = 2.239 pm, and the diame-
ters of the large hole diameter do = 4.069 pm. These parameters
are estimated from a scanning electron microscope image of the
PCEF cross section. This PCF is HB because of different air-hole
diameters along the orthogonal axes [7]. The modal and bire-
fringent properties of HB PCF can be accurately simulated by
using a full-vector finite-element method (FEM) [8], [9]. In this
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Fig. 1. PCF cross section showing the definition of A, d;, and d> and the
elementary piece.
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Fig. 2. Dispersion relation (index versus wavelength curve) of the first two
guided modes (Dashed—dotted line: = polarization. Solid line: y polarization)
and cladding space-filling mode (dotted line).

letter, a full-vector FEM is applied to analyze the mode proper-
ties of the HB PCF. Because of the symmetry nature of the PCF,
only half of the cross section was used during the simulation and
a perfect electric or perfect magnetic conductor is applied along
the symmetric plane I';. The computational window is chosen
beforehand so that the influence of artificial outer boundaries
can be neglected. Fig. 2 shows the calculated effective indexes
of the first four eigenmodes (the first two modes, each with two
eigenpolarization states) and space filling mode (SFM) of the
cladding. The effective index of the SFM is evaluated by ap-
plying FEM to the elementally piece [9], [10] as shown in Fig. 1.

Simulations show that, over a very wide wavelength range
as shown in Fig. 2, the HB PCF supports only four nondegen-
erate eigenmodes (HET,, HEY,, HE3,, and HE},) with trans-
verse mode field pattern shown in Fig. 3. These modes are ap-
proximately linearly polarized and, by analogy to the elliptical
core fiber and other asymmetric waveguides, may be labeled as
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Fig. 3. Transverse electric (TE) field distribution of (a) LPJ,, (b) LPg,, ()
LP?, (even), and (d) LP}; (even) modes at 1.3 pm.
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Fig. 4. Experimental setup for measuring the strain sensitivity of two-mode
Sensor.

LP§,,LPY,,LP{, (even),and LPY; (even), respectively [6], [11].
The superscripts = and y correspond to the x and y polariza-
tion modes, respectively. The cutoff wavelengths of LP7; (even)
and (even) modes are estimated to be ~1.32 and ~1.48 pm, re-
spectively, corresponding to the intersecting points of their dis-
persion curves with that of the cladding dispersion as shown
in Fig. 2. By applying the V' parameter criteria [12] to a non-
birefringent fiber with the same structural parameters (i.e., A =
4.179 pm, d = 2.239 pm), the cutoff wavelength of the second
modes was found to be ~1.2 pm, corresponding to Vpcp = 7.
The discrepancy is due to the introduction of the pair of bigger
holes and the results from the dispersion curves are more accu-
rate than that obtained from the V' parameter criteria.

It has been found that from wavelengths below the cutoff
wavelengths of LPy; (even) modes down to 500 nm no higher
order modes were found by simulations. The next higher order
modes, TEg; and TMgy; modes, corresponding to the two po-
larization states of the LP;; (odd) modes, are completely sup-
pressed because of the nonsymmetrical geometry structure of
the HB PCF. This was partially confirmed by our experiments
from 650 nm to 1.3 pm as will be described by the next sec-
tion. Compared with elliptical core fibers that have a two-mode
operating range of ~150 nm [6], the PCF studied here pos-
sess a remarkable wavelength range of at least 650 nm for the
two-mode operation. At wavelength 1550 nm, the HB PCF sup-
ports a single mode with two orthogonal polarizations, and the
calculated birefringence is 5.38 x 1074,

The finding of over 650-nm two-mode operating range in the
PCF is significant because it allows for the implementation of
very broad-band two-mode fiber devices that are not possible
with elliptical core fibers. The choice of proper PCF parameters
such as hole size and pitch would allow the two-mode range
to be potentially extended into even longer wavelengths of well
beyond 1550 nm.

III. TWO-MODE STRAIN SENSOR

Sensitivity of a two-mode strain sensor was tested using the
setup shown in Fig. 4. Light from a laser was coupled into a
piece of HB PCF with an alignment system consisting of a pair
of lenses, a polarizer, a fiber holder and a five-dimensional trans-
lation stage. An infrared television camera with lens removed is
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Fig.5. Measured far-field intensity in two-mode PCF interferometer for phase
differences of 0, 7 /2, and 7 (from top to bottom). The input polarization is along
x direction.

placed near the output of the fiber to monitor the far-field inten-
sity. The PCF has a total length of ~1 m and is epoxy-bounded
to a fixed stage and a translation stage. The 50-cm PCF in be-
tween the two stages can be axially strained through the com-
puter controlled translation stage.

Experiments were conducted at wavelength of 650, 780, 850,
980, 1300, and 1550 nm by using semiconductor lasers. At each
wavelength, before applying axial strain to the PCF, the far-field
pattern at the fiber output was observed for the lunching condi-
tions were varied. It has been found that at wavelengths from
633 to 1300 nm, the fiber support a fundamental LPy; and a
second LP1; (even) mode. The intensity-lobe orientation of the
LP;; (even) mode was found stable even when the launching
condition is changed. At 1550 nm, only the LPy; mode is sup-
ported, and no second-order mode was observed. These obser-
vations agree with the prediction in Fig. 2.

The strain sensitivity of the two-mode sensor for the five
wavelengths from 633 to 1300 nm was then tested. Before each
test, the lunching condition was adjusted so that the two modes
are launched with approximately equal intensity. This can be
achieved by adjusting the offset of the focused incident beam
with respect to the axis of the PCF. Taking the operation at
1.3 ym as an example, the focused beam has a diameter of
~3.7 pm, giving a calculated maximum lunching efficiency of
70% for the fundamental LPy; mode at zero offset and 23% for
the LP;1; (even) mode at 3.9-um offset. The intensities of the
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Fig. 6. Experimental results for different launch angles of 0°, 90°, and 45°
(from top to bottom).
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Fig. 7. Measured dependence of 6L, versus operating wavelength for two
polarization states (Circle: x polarization. Triangle: y polarization). Solid line
represents the LPy; to LPy; (even) mode beat length for the unstrained PCF.

two modes are equalized at 3.4-um offset with lunching effi-
ciency of ~22%. The two modes interfere at the fiber output,
resulting in a far-field intensity distribution that varied with the
phase difference between the two modes. The operation prin-
ciple of two-mode PCF interferometer can be easily understood
with reference to the recorded intensity distribution of different
phases, as shown Fig. 5. In Fig. 5, the evolution of far-field in-
tensity distribution at A = 1.3 pum for phase differences of 0,
/2 and 7 are shown. For a change of 27 phase difference there
will be one complete oscillation. Fig. 6 shows the measured in-
tensity variation at one of the lobes when the PCF was elongated
from 0 to 2 mm. The curves from top to bottom correspond to
respectively polarizer set to 0°, 90°, and 45°, in respect to the x
axis as shown in Fig. 1. At 0° and 90°, the intensity variation is
due to the interference of LPg; and LP;; (even) modes for the x
and y polarization, respectively. They are approximately sinu-
soidal and the elongation 6 Ly, which is defined as the elonga-
tion required for the intensity oscillation to undergo a complete
27 phase shift, is 124.4 and 144.9 pm, respectively. At a launch
angle of 45° respective to the principle axis of PCF, the two sets
of interference patterns, corresponding to two orthogonal polar-
izations, are superimposed, resulting in an amplitude-modulated
wave, as shown in the lower graph of Fig. 6.

The values of § L, for various wavelengths for both polar-
izations are shown in Fig. 7. Also included in the figure are the
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calculated beat lengths between the LPy; and the LP;; (even)
modes when the PCF is unstrained (solid line). Contrary to el-
liptical core two-mode fibers [13], [14], both the modal beat
lengths and the elongation needed to produce 27 phase change
decrease with the optical wavelength, indicating higher strain
sensitivity at longer wavelengths.

IV. CONCLUSION

The mode properties of an HB PCF are analyzed by using a
full-vector FEM. The analyses show that there exists a broad
range of wavelength (at least 650 nm) guiding only the fun-
damental LPg; and the second-order LP;; (even) modes. This
opens the possibilities for building broad-band two-mode fiber
devices. A practical two-mode interferometer based on LPy;
and LPy; (even) mode interference is demonstrated for axial
strain effect measurement. Unlike two-mode sensors based on
elliptical core fibers, the two-mode PCF sensor shows higher
sensitivity at longer wavelength. The unique mode properties
of HB PCF discussed in this letter are expected to improve the
performance of two-mode sensors and devices and to open up
new applications in areas such as nonlinear frequency conver-
sion [15].
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