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We design a novel kind of polarization beam splitter based on a gold-filled dual-core photonic crystal fiber (DC-PCF).
Owing to filling with two gold wires in this DC-PCEF, its coupling characteristics can be changed greatly by the second-order
surface plasmon polariton (SPP) and the resonant coupling between the surface plasmon modes and the fiber-core guided
modes can enhance the directional power transfer in the two fiber-cores. Numerical results by using the finite element
method show the extinction ratio at the wavethlengths of 1.327 um and 1.55 um can reach —58 dB and —60 dB and
the bandwidths as the extinction ratio better than —12 dB are about 54 nm and 47 nm, respectively. Compared with the
gold-unfilled DC-PCEF, a 1.746-mm-long gold-filled DC-PCF is better applied to the polarization beam splitter in the two

communication bands of A = 1.327 um and 1.55 pm.
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1. Introduction

Photonic crystal fibers have some new applications, such
as a polarization beam splitter (PBS),!'3! optical sensor,[*]
and optical coupler.[”°! Especially, the polarization beam
splitter has caused widespread concern in communication in
recent years.1%1 A wide variety of polarization beam split-
ters have been reported in journals. For example, Zhang and
Yang designed a new polarization beam splitter based on DC-
PCEF, of which the extinction ratio is better at —11 dB with a
bandwidth of 40 nm.['% Liu er al. reported a 0.36-mm-long
polarization beam splitter, whose bandwidth with the extinc-
tion ratio is better than —10 dB is 20 nm.[!!]

An extended metal gold interface can sustain propagat-
ing electromagnetic waves that are coupled to collective oscil-
lations of the conduction electrons in gold, so called surface
plasmon polaritons (SPPs). Some experimental methods have
been proposed by blocking selected holes of photonic crys-
tal fibers and filling them with liquid gold. The micron sized
wires are able to be introduced into silica fibers.[!?! Numerical
simulation shows that the surface plasmon polariton (SPP) is
able to transmit the directional power from one core to another
core.!'3! For example, Zhang et al. analyzed the polarization
coupling characteristics of a new structure of dual-core pho-
tonic crystal fiber filled with metal wire in the cladding air
hole, and the extinction ratio is better: 30.54 dB at the wave-
length of 1.550 um.'"* Sun et al. proposed the polarization
beam splitter whose the extinction ratio is as low as —20 dB
with a bandwidth as great as 146 nm.['> Recently, Li ez al. nu-
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merically investigated the polarization-dependent coupling in
DC-PCEF selectively filled with gold wires in air holes. Above
all, the study suggests that a gold-filled DC-PCF is a new pos-
sibility for applications on polarization beam splitters.

In this paper, we design a novel polarization beam splitter
in two communication bands based on a gold-filled DC-PCF.
Numerical simulations with the finite element method show
the dispersion and loss of the gold-filled DC-PCF are strongly
effected by the second-order SPP. Compared with the gold-
unfilled DC-PCEF, the gold-filled DC-PCF has a shorter cou-
pling length and a lower extinction ratio at the wavelengths
of 1.327 um and 1.55 um. At the same time, the bandwidth
has an extinction better than —12 dB, which is much wider
than that of the gold-unfilled DC-PCF. Thus, our results cer-
tify that the gold-filled DC-PCF can be better applied in the
polarization beam splitter at the wavelengths of 1.327 pm and
1.55 pm.

2. New structure and the fundamental theory

The schematic cross-section of the gold-filled DC-PCF is
shown in Fig. 1. The cladding holes have been arranged in a
triangular lattice in a pure silica background and the parame-
ters of the fiber are as follows:the diameter of d = 1 um and the
lattice constant A = 2.0 pm. Furthermore, all the gray circles
represent the air holes, and the cores of A and B are obtained
by removing two air holes and the two black holes in the near
A and B are replaced by two gold wires in the x-polarization
direction. The modal birefringence can be increased through
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filling two gold wires in the fiber. Besides, the error about
the numerical simulation is caused by the material dispersion,
which is calculated by the Sellmeier equation. The refractive
index of air is considered as 1. The permittivity of the gold
wire has been calculated by a more accurate Drude-Lorentz

model,'%18] and the equation can be shown as follows:
2 2
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where the values and physical meaning of €., Wp, Yp, 2L,
and I'[, can be achieved in Ref. [19]. Values of the optimized
parameters have fitted the experimental data of bulk gold. The
complex propagation constants of the waveguide modes can be
calculated by using the finite-element method, and the confine-
ment loss can be precisely estimated by adding the perfectly
matched layer (PML). (20-22]
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Fig. 1. Schematic diagram of the gold-filled dual-core photonic crystal fiber.
The two black circles represent two gold wires. The rest of the gray circles
represent the air holes, and the alphabet A and B represent two cores of
the DC-PCEF. A perfectly matched layer (PML) with several micrometers is
added to the outmost layer, which is used for absorbing the radiation energy.

The designed polarization beam splitter can be analyzed
by using the coupled mode theory. When a beam light is
launched into one core of the gold-filled DC-PCEF, the x- and y-
polarization modes of this beam light can be separated through
the suitable distance during transmission. Further consider-
ation, the coupling characteristics of the polarization beam
splitter can be obtained by calculating the effective refrac-
tive indices of the x, y-polarized even and odd modes. The
coupling length of the x- and y-polarized modes is calculated

(a) (b)

through the equation:[23-23

A
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where rigien and )3, are the real part of the effective index of
the x and y-polarized even and odd modes, and the units of the
coupling length and wavelength are micrometers.

The normalized power and extinction ratio are the key
parameters of the polarization beam splitter, which are able
to measure the spectral properties of the splitter. As the two

cores of A and B are identical, the energy will transfer from
one core into the other core and back again along the fiber. The

normalized power can be calculated as: [%%->7]
. . (7Z
Py =P, cos (Z) . (3)

Extinction ratio (ER) is defined as the power of a partic-
ular polarization in the expected output core compared to the
power of the other polarization in the same core. The ER of the
polarization beam splitter can be calculated as follows: 28301

P
ER = 10lg 3 @)
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where P,” and P, represent the input and output powers of

the x- and y-polarized modes of the polarization beam splitter,

respectively.

3. Characteristics of the gold-filled DC-PCF
3.1. Resonance coupling modes

We present first an insight into all kinds of resonance cou-
pling modes of the gold-filled DC-PCF in Fig. 2. Numeri-
cal analysis certified that a wavelength selection characteristic
is produced by the resonance coupling between four kinds of
core-guided modes and the surface plasmon modes. Further-
more, the resonance coupling between the x- and y-odd modes
(Figs. 2(a) and 2(b)) and the second-order SPP mode can be
obtained at the wavelength of 1.170 um, and the x- and y-even
modes (Figs. 2(c) and 2(d)) with the second-order SPP mode
can resonate at the wavelength of 1.160 um. It is observed
that the resonance of the x-polarized direction is more obvious

than the y-direction.

(c) (d)

Fig. 2. Power flow distributions of the resonance coupling modes in this DC-PCF. Panels (a)—(d) represent the x-odd mode, y-odd

mode, x-even mode, and y-even mode, respectively.
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3.2. Dispersion and loss of the gold-filled DC-PCF

Figures 3(a) and 3(b) show the schematic illustration of
the gold-filled DC-PCF dispersion relation of the x- and y-
polarized modes, respectively. The resonance coupling be-
tween the four core-guided modes and 2nd or 3rd order SPP
modes can emerge in the wavelength from 0.8 um to 1.6 um.
We can discover the obvious gaps of the effective refractive
index of the even and odd mode in the x- and y-polarized di-
rections, respectively. When the effective refractive indices
between the SPP modes and the core-guided modes are match-
ing, the resonance coupling will reach to the strongest. There-
fore, it is found that the 2nd SPP modes and the x, y-even
modes or the x, y-odd modes meet the phase matching condi-
tion at the vicinity of the anti-crossing point about 1.170 um
or 1.160 um. Similarly, the 3rd SPP modes with x- and y-
polarized core-guided modes can meet the phase matching
condition at the resonance wavelength about 0.823 um and
0.825 um. In the research, the effective refractive index of
the first SPP mode is much higher than that of the core-guided
modes, so that it is quite difficult for the resonance coupling
from the SPP modes to the core-mode.
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Fig. 3. The wavelength dependence of the effective refractive index.
Panel (a) shows the effective refractive index of the x-even and odd
modes with the solid and dash dotted curves, respectively. Panel (b)
shows that of the y-even and odd modes with the solid and short dashed
curve, respectively. All SPP modes are expressed by the dotted curves.

In the following sections, figures 4(a) and 4(b) show the
loss of the x- and y-polarized modes, respectively. Apparently,
it is observed that the loss of the x- and y-polarized modes
can reach to the peak at the resonance wavelength where the
core-guided mode and the SPP mode are crossing. As the reso-
nance coupling of the x-polarized modes is much stronger than
that of the y-polarized modes, the loss of x-polarized modes is
much higher than that of the y-polarized modes. Besides, the
resonance w of the x- or y-even modes and the 2nd-order SPP
modes is at the wavelength of 1160 nm, that of the x- and y-odd
modes is at the wavelength of 1170 nm, respectively. The loss
of x- and y-even modes can reach to 145 dB/cm and 58 dB/cm,
and the x-and y-odd modes loss can reach to 262 dB/cm and
24 dB/cm, respectively. Those results indicate that the loss of
four core-modes can be obviously excited to the peak when
the SPP modes and core-guided modes meet phase matching
condition. However, the difference of the effective refractive
indices in x-even and x-odd modes is much greater than that
of the y-polarized one, which will greatly change the coupling
characteristic between two core-guided modes. This new dis-

covery can be applied to polarization beam splitters.
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Fig. 4. The wavelength dependence of the loss on the x- and y-polarized
modes. The solid lines of panels (a) and (b) depict the loss of the x- and
y-polarized even modes, and the dashed lines of that represent the loss of
the x- and y-polarized odd modes, respectively.
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3.3. Polarization beam splitter

Figure 5 shows the wavelength dependence of the cou-
pling length of the x- and y-polarized modes on the gold-filled
and the gold-unfilled DC-PCF. As the value of Re[ngven — 1133
for the gold-filled DC-PCF is much larger than that for the
gold-unfilled DC-PCF, the coupling length of the gold-filled
DC-PCF is decreased by Eq. (2). Thus it is obvious that the
coupling characteristic of the x- and y-polarized modes can
be significantly affected by the two gold wires. The cou-
pling length of the x- and y-polarized modes for the gold-filled
DC-PCF can reach 245 pm and 288 pum at the wavelengths of
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Fig. 5. The wavelength dependence of the coupling length on the gold-
unfilled and gold-filled DC-PCF. The solid and dashed curves represent
the x- and y-polarized coupling length of the unfilled DC-PCF, and the
dotted and dash dotted curves express that of the gold-filled DC-PCF,
respectively.
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Fig. 6. The normalized transmission power of the filled-gold (a) and
unfilled-gold (b) DC-PCF as the changing distance at the wavelength
of 1.55 um. Besides, the solid lines and the dashed lines denote the
normalized powers of the x- and y-polarized modes, respectively.

A =1.327 um and 1.55 pum, and that of the gold-unfilled DC-
PCF are 255 pm and 299 um, respectively.

Figure 6 shows the normalized power as a function of
the transmission distance. Figure 6(a) demonstrates that the
gold-filled DC-PCF can be applied for the polarization beam
splitter at the wavelength of 1.55 um. When the transmission
distance is z = 7L, = 6L, = 1.746 mm. Figure 6(b) shows the
unfilled DC-PCF can be used for the polarization beam splitter
at the wavelength of 1.55 um, when the transmission distance
is z=8Ly = 7L, = 2.035 mm. When a beam of light launches
into the A-core of the gold-filled DC-PCF, the x-polarized
mode can couple into the B-core, while the y-polarized mode
cannot couple into the B-core at the distance of 1.746 mm.
For the unfilled DC-PCEF, the x-polarized mode cannot couple
into the B-core, while the y-polarized mode can couple into
the B-core at the distance of 2.035 mm.

Figure 7 shows the normalized transmission power as
the changing of wavelength (from 1.2 um to 1.6 um) for the
gold-filled and unfilled DC-PCF. We can discover the cycli-
cal change of the normalized transmission powers with the in-
creasing of wavelength. Figures 7(a) and 7(b) illustrate that
the normalized transmission powers of the x- and y-polarized
modes can be separated into two fiber-cores for the filled-gold
and unfilled-gold DC-PCF at the wavelength of 1.55 pm, re-
spectively.
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Fig. 7. The normalized transmission power of the gold-filled (a) and
unfilled DC-PCF (b) with the variation of the wavelength from 1.2 pm
to 1.6 um. The solid lines and the dashed lines represent the x- and
y-polarized normalized transmission powers, respectively.

Figure 8 shows the wavelength dependence of ER on the
gold-filled and unfilled DC-PCF. From Fig. 8(a), we can see
the extinction ratio is better than —12 dB at the wavelengths
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of near 1.327 um and 1.55 pm, and the bandwidths are 54 nm
and 47 nm, respetively. At the wavelengths of 1.327 pm
and 1.55 pum, the extinction ratios can reach to —58 dB and
—60 dB. Figure 8(b) shows the extinction ratio is better than
10 dB at the wavelengths of near 1.327 pm and 1.55 pm with
the bandwidths of 40 nm and 32 nm, and the extinction ratios
are able to reach to 40 dB and 45 dB at the two wavelength
points of A = 1.327 pm and A = 1.55 pm, respectively. Com-
pared with the unfilled DC-PCEF, the gold-filled DC-PCF has
a much higher the extinction ratio and the wider bandwidth in
two communication bands of 1.327 um and 1.55 wm, which
will be better applied to the polarization beam splitter.
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Fig. 8. The wavelength dependence of the extinction ratio on the gold-
filled (a) and gold-unfilled (b) DC-PCF. The dashed lines of panels (a)
and (b) represent the extinction ratio values of —12 dB and 10 dB, re-
spectively.

4. Conclusions

We proposed a novel kind of polarization beam splitter
based on the gold-filled DC-PCEF in this paper. The dispersion
of the x- and y-polarized modes can be effected greatly by the
second-order SPP. The resonant wavelength of the even and
odd modes for the x- and y-polarized modes appear in differ-
ent positions, and the resonance strength of x-polarized modes

is much stronger than that of y-polarized modes. In addition,
the coupling lengths of the x- and y-polarized modes are re-
duced by the enhanced birefringence in the fiber. Numerical
simulations certify that a 1.746-mm-long fiber can ensure a
split of the x- and y-polarized modes into two cores at the
wavelengths of 1.327 um and 1.55 um, whose the extinction
ratios can reach to the lowest —58 dB and —60 dB, and the
bandwidths with an extinction ratio better than —12 dB are
54 nm and 47 nm, respectively. Furthermore, the splitter with
a symmetric structure is much easier to be fabricated by using
a drawn tower. We believe this novel type of splitter will be
useful in future optical communication systems, especially for
fiber-to-the-home applications.
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