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Abstract- A novel highly birefringent Bragg fiber with a fiber core of 2-dimension
(2D) elliptical-hole photonic crystal structure is proposed. Elliptical air holes are
introduced into the fiber core to form a normal 2D photonic crystal structure with a
hole pitch (center-to-center distance between the air holes) much smaller that the



operation wavelength of the Bragg fiber. The elliptical-hole photonic crystal structure
acts as an anisotropic medium with different effective indices for transmission light of
differently polarization, which inevitably results to high birefringence (up to the order
of magnitude 0f0.01) of the Bragg fiber. The proposed Bragg fiber possesses different
band-gaps for differently polarized mode. Besides the periodic alternating layers of
high/low refractive indices, the bandwidth of the band-gap is also dependent on the
effective index of the fiber core, which can be controlled by the area of the elliptical
air holes.

INTRODUCTION

Photonic crystal fibers (PCFs) [1-3] which also include Bragg fibers have attracted
increasing interest over the past decade because of their unique property, such as high
birefringence, high nonlinearity, endlessly single-mode operation, single-polarization
single-mode operation, and tailorable chromatic dispersion. Highly birefringent PCFs are one
kind of extemely important PCFs which have promising applications in e.g. fiber sensors,
fiber lasers, and fiber filters [4-5]. So far, various highly birefringent PCFs have been
proposed [6-8]. Meanwhile, Bragg fibers have recently received much attention for their
interesting dispersion and modal properties and for advances in fabrication techniques [9].
However, so far there is no report about birefringent Bragg fibers. In this letter, we propose a
highly birefringent Bragg fiber with a fiber core of 2-dimension elliptical-hole photonic
crystal (2D-EH-PhC) structure surrounded by a multilayer cladding with the suitable designed
alternating layers of high/low refractive indices. High birefringence (up to the order of
magnitude of 0.01) has been achieved and other characteristics of the proposed Bragg fiber
have also been investigated.

SIMULATION RESULTS AND ANALYSIS

Figure 1 shows a quarter of the cross section of the proposed Bragg fiber with a fiber core of
2D-EH-PhC structure. In the fiber core, the hole pitch ' (the center-to-center distance
between the two adjacent air holes) is 200 nm, which is much smaller than the operating
wavelength of the Bragg fibers in this letter. The elliptical air holes are characterized by the
normalized area S = zab/T? and ellipticity 7 =b/a, where a,b are the radius in X, y direction,
respectively. The fiber core is encompassed by fifty periodic structures of alternating layers of
high and low refractive indices in the fiber cladding. The thickness of the periodic structure
formed by one high and one low refractive index layer is A =3875nm. In this paper, we
choose high/low refractive index of 4.6/1.6, with thicknesses of d, =0.2176A and d, =0.7824A
(forming a quarter wavelength waveguide stack for the wavelength within the optical fiber
comminication window). The refractive index of the fiber core is set to be 1.45 (considering
the silica materials). A full-vector finite-element method (FEM) and anisotropic perfectly
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matched layers [17] are employed to simulate the guided modes of the proposed Bragg fibers.
The calculated results are expressed in terms of the normalized frequency v =A/A, where
A is the operation wavelength in free space.

Fig. 1. Cross section of the proposed Bragg fiber.

To understand the characteristics of the Bragg fiber, band structure of the planar dielectric
mirror which consists of suitable designed alternating layers of high and low refractive
indices with the same parameters as those of the periodic structures of the Bragg fiber
mentioned above is shown in Fig. 2. The surface-parallel wave-vector component g and the
frequency « are expressed in the unit of 2zc/A and 2z/A, respectively. The heavy gray
regions correspond to the situations where light can propagate in the planar dielectric mirror.
Hence, for the Bragg fiber with a fiber cladding of the periodic structures, guided modes
appear in the white regions in Fig. 2 which are so called bang gap regions. The dashed curve
represents the light line (w=cp). The solid curve and red dotted curve in Fig. 2 show the
dispersion characteristics of x-polarized and y-polarized modes for the Bragg fiber with 15
periodic two-layer structures and a fiber core of 2D-EH-PhC structure, respectively. The gap
between the two curves indicates the high birefringence of the proposed Bragg fiber.
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Fig. 2. Band structure of the planar dielectric mirror and disperion property for y-polarized
(dotted curve) and x-polarized (solid curve) modes of the Bragg fiber.

It is well known that the Bragg fiber with a hollow fiber core (or filled with uniform media)
will not be birefringent because of the symmetry. The fiber core of 2D-EH-PhC structure
results in the high birefringence. To understand the birefringence induced by elliptical air
holes in the fiber, the effective indices of the 2D-EH-PhC material should be investigated
carefully. The parameters of the 2D-EH-PhC structure we consider here are e=2 and s=0.2,
as illustrated in the inset of Fig. 3(a). The refractive index of the fused silica is set to be 1.45.
A plane-wave expansion method [19] is used to calculate the effective indices for the wave
propagation along the z direction in the photonic crystal material, and the results are shown as
a function of the normalized frequency v=as4 in Fig. 3(a), where the solid curve and dotted
curve represent the effective indices for the y-polarized and x-polarized light waves,
respectively. Large difference between the effective indices for differently polarized light
waves is observed. Insets of Fig. 3(a) shows the cross section of the array of elliptical-hole in
fused silica. Figure 3(b) shows the index differences when the normalized areas of the
elliptical air holes are 0.1 (short dashed curve), 0.2 (solid curve) and 0.3 (dotted curve),
respectively. For the photonic crystal material with a normalized area of 0.2, the birefringence
reaches its maximum of about 0.0277 as the normalized frequency approaches zero (hamely,
A tends to zero for a given wavelength). This indicates the photonic crystal material can act

as an (dispersive) anisotropic medium.
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Fig. 3. (a) Effective index of the 2D-EH-PhC structure for the y-polarized (solid curve) and
x-polarized (dotted curve) light waves (propagating in the z direction). (b) Effective index
difference of the 2D-EH-PhC for the y-polarized and x-polarized light waves. Insets of (a) shows

the cross section of the array of elliptical-hole in fused silica.

Figure 4(a) shows the birefringence of the proposed Bragg fibers when the ellipticity of the
elliptical air holes is 2 and the normalized areas of the elliptical air holes are 0.1 (dashed
curve), 0.2 (dotted curve) and 0.3 (solid curve), respectively. Figure 4(b) shows the
birefringence of the proposed Bragg fibers when the normalized area of the elliptical air holes
is 0.3 and the ellipticities of the elliptical air holes are 1.5 (dashed curve), 2 (solid curve) and
3 (dotted curve), respectively. Note that the different lengths of the curves in Fig. 4 are due to
the fact that different Bragg fibers have different band gap regions.
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Fig. 4. (a) Birefringence of the Bragg fibers when the normalized areas are 0.1, 0.2 and 0.3,
respectively. (b) Birefringence of the Bragg fibers when the ellipticities are 1.5, 2 and 3,

respectively.

4. CONCLUSIONS



In conclusion, 2D-EH-PhC structure with with a hole pitch much smaller that the operation
wavelength is investigated and introduced in the fiber core of the Bragg fiber. High
birefringence (up to the order of 0.01) of the Bragg fiber has been achieved since the
2D-EH-PhC structure can act as an anisotropic medium with different effective indices for
transmission light of differently polarization. Birefringence property of the proposed Bragg
fiber has been fully investigated for different mormalized areas or ellipticities of the elliptical
air holes in the fiber core.
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A new type of microwave transmission line structure is proposed to reduce the
crosstalk between transmission line circuits. In this structure, we corrugate the edge of
the metal strip line with subwavelength grooves and with appropriate geometric
parameters, such transmission lines can support highly localized spoof surface
plasmon polaritons (SPPs) at microwave frequencies. Our theoretical simulation
indicates that the crosstalk between such a transmission line and a conventional strip
lines is very low at microwave frequencies, and this is further verified experimentally.
Therefore, such transmission line structures have great potential applications in high
speed circuit systems.

Recently, the signal transmission in high-speed circuits requiring conduction
wires high density has attracted increased attention. Thus, crosstalk between
conductor wires within the circuit has become a serious problem. One of the widely
adopted methods to reduce the crosstalk is to decrease the coupling length and hence
increase the rising time and move the strips farther apart, however such method leads
to the growing of the circuit area and the decreasing of the transmission rate.

As a promising approach, SPPs provide the possibility of guiding
electromagnetic (EM) waves beyond the diffraction limit. SPPs are electromagnetic
excitations propagating as evanescent waves along the planar interface between a
metal and a dielectric medium [1]. They have been at the centre of an unprecedented
interest in the photonics community[2-6]. It would be greatly advantageous to take
concept of highly localized SPPs to the microwave regime, which could open up a
previously inaccessible length scale for microwave research, with promising
applications in the miniaturization of microwave circuits as well as microwave
imaging and sensing. At microwave frequencies, however, metals resemble a perfect
conductor as their plasma frequencies are often in the ultraviolet part of the spectrum,
leading to SPPs highly delocalized on both flat and cylindrical surfaces. As a
consequence, SPPs suffer serious radiation loss (due to bends or nearby objects) and
undesired coupling between adjacent waveguides. To enable high confinement of EM
fields at lower frequencies, an idea of engineering surface plasmon at any frequency
was proposed [7-9]. By cutting holes or grooves in flat metal surfaces, the penetration
of EM fields into the metal increases and the frequency of existing surface plasmons
can be tailored at will. The existence of such geometry-controlled SPPs, named spoof
SPPs, has recently been verified experimentally in the microwave regime [10]. More
recently, it has been reported that spoof SPPs at terahertz (THz) frequencies can be
sustained on periodically corrugated metal wires [11-13]. The absorption loss of spoof
SPPs in corrugated wires has also been studied at THz and microwave frequencies
[14,15]. In this paper, a new type of transmission line corrugated with periodical



subwavelength grooves is proposed to introduce SPPs into microwave regime for
reducing the crosstalk between transmission line circuits. A directional coupler, whose
two strip lines are separated by a distance of the line width, is designed and simulated
numerically and measured experimentally over the frequency range 200MHz~12GHz.
The results from measurement and simulation are in good agreement. This type of
structure has potential application in high density microwave circuit and EMC
systems.
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Fig.4 (a) Experimentally measured structure: periodically corrugated couple metal
strip line, (b) experimentally measured data of S parameters with the groove depth

d=03w and a=a/A=05.

In order to verify that the new strip line structure can reduce the crosstalk, we make
an experimental investigation for our coupled strip line circuit with four ports as
shown in Fig. 4(a). The confinement strength of EM waves on this new transmission
line can be analyzed through the S-parameter measurements with the ZVB8 VNA
manufactured by R&S. Signal is injected from port 1 into the circuit, then the S
parameters were measured at four ports. Coupling between the conventional
microstrip line and the periodically corrugated metal stripline with two different
periods A =0.5mm and 1.0mmare measured individually fore, =3.37 (Ro4003)
with w=21.2mmand a stripline length of 10cm. There are two black curves represent
S,, and S, for the conventional coupler with symmetrical microstrip line,



respectively. Up to 8GHz of the highest operation frequency of VNA, the magnitude
of S, increases gradually and the magnitude of S, decreases as frequency
increases. Two blue dash dot curves represent S-parameters between periodically
corrugated metal stripline with A =1.0mm and conventional microstrip line, the
magnitudes of S, and S, at f=8GHz equal to -2.004dB and -10.565dB,
respectively, showing the suppression of crosstalk. For the additional case of
periodically corrugated metal stripline with A =0..5mm, the magnitudes of S,, and
S, at this frequency are equal to -1.621dB and -16.211dB, respectively, showing a
better suppression of crosstalk, and apparently mitigation of energy decreases in the
through-port. Highly confinement of EM waves is observed at microwave range since
such subwavelength periodically corrugated metal stripline have low crosstalk
characteristic, indicating great potential applications in high-speed circuit and EMC
systems.

Conclusion

In conclusion, we have numerically and experimentally analyzed the guiding
properties of periodically corrugated metal strip lines at microwave frequencies. We
have presented the dispersion characteristics of these periodically corrugated metal
strip lines. The asymptotic frequency of a corrugated metal strip structure can be
tailored by varying the period of the structure. Strong field confinement of spoof SPPs
at microwave frequency can be achieved in these waveguide structures. We have
demonstrated experimentally that there is low coupling or crosstalk between a
transmission line of this type and a conventional strip line. Therefore, this type of
waveguide structure may be extensively used in electromagnetic compatibility area.
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