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Design of Single-Polarization Single-Mode Photonic
Crystal Fiber at 1.30 and 1.55 ym
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Abstract—Single-polarization single-mode (SPSM) operation of
a highly birefringent (HB) photonic crystal fiber (PCF) is in-
vestigated in detail by using a full-vector finite-element method
(FEM) with anisotropic perfectly matched layers (PMLs). The
cutoff wavelengths of the two linearly polarized principal states
can be designed by varying the structure parameters of the PCF.
The confinement loss and splice loss to standard single-mode fiber
for particular SPSM PCFs are calculated and optimized at both
1.30 and 1.55 pm.

Index Terms—Confinement loss, finite-element method, pho-
tonic crystal fiber, single-polarization single-mode fiber.

I. INTRODUCTION

HOTONIC crystal fibers (PCFs) have attracted significant

attention recently [1]-[4]. A PCF consists of a central core
of air or pure silica surrounded by an array of air holes running
along its length. PCFs may be divided into two categories: the
index guiding PCF, where light is guided by modified total
internal reflection [2], [3], and the bandgap guiding PCF, where
light guiding is based on the effect of photonic bandgap (PBG)
within which light propagation is prohibited [4].

The large index contrast and the stack-and-draw fabrication
process permit high birefringence to be easily realized on PCFs.
PCFs have been made highly birefringent (HB) by having dif-
ferent air hole diameters along the two orthogonal axes [S5]-[7]
or by asymmetric core design [8]-[10]. These fibers have
demonstrated modal birefringence of an order of magnitude
higher than that of the conventional HB fibers. Recently, a
nonlinear PCF with birefringence higher than 7 x 1073 has
been reported [11]. Conventional HB fibers can be made to
operate in the single-polarization single-mode (SPSM) regime
in which only one linearly polarized mode is guided while
the mode with orthogonal polarization is suppressed [12]-[14].
Recently, it has been shown that HB PCFs have the potential to
realize better SPSM fibers [15], [16]. In [15], a low-loss SPSM
PCF with a confinement loss of less than 0.1 dB/km from 1.48
to 1.6 um was proposed and analyzed. Kubota et al. reported
a PCF-based absolutely single polarization fiber (ASPF) with a
polarization-dependent loss of 196 dB/km with a transmission
loss of 28 dB/km at 1550 nm [16].

Although some preliminary conclusions have been drawn in
[16], the reported PCF is not optimized for particular applica-
tions such as fiber polarizing devices. For example, to make a
fiber polarizer with an extinction ratio of 30 dB at 1550 nm,
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Schematic cross-section of an HB PCF.
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Fig. 1.

it requires ~ 150 m of such a fiber. Also, no explicit design
criteria have been proposed for the design of SPSM PCFE
It was therefore felt that more extensive design details were
desirable. In this paper, we numerically explored the single-
polarization operation for an HB PCF with a similar structure.
The effects of varying PCF parameters on the characteristics of
SPSM operation are discussed and general design criteria are
given in Section II. A full-vector finite-element method (FEM)
with perfectly matched layers (PMLs) as absorbing boundary
conditions is used to analyze the polarization-dependent loss
in Section III. Section IV describes the coupling efficiency
between SPSM PCF and conventional singe-mode fiber (SMF)
and recommends proper fiber parameters for 1.30- and 1.55-um
operation. A brief summary is given in Section V.

II. DESIGN OF SPSM PCF

The structure of the HB PCF to achieve single-polarization
operation is assumed to be as shown in Fig. 1. It should be
noticed that PCF with similar cross-sections can be HB because
of different air hole diameters along the orthogonal axis [6],
[7]. It is thus meaningful to find the proper PCF parameters
that support only a single linearly polarized mode. To the
author’s knowledge, design details have not been reported.
Although Kubota et al. have suggested that the condition for
single polarization to be d2/dy > 2 [16], we found that this is
inadequate to assure single-polarization operation.

In this paper, a full-vector FEM [17], [18] is applied to
analyze the dispersion properties of the HB PCF. Because of the
symmetric nature of the PCF, only a quarter of the cross-section
was used during the simulation and a perfect electric or perfect
magnetic conductor (PEC or PMC) is applied along the sym-
metric plane I'; and I's. PEC or PMC makes the electric field
perpendicular or parallel to the boundaries, respectively. The
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Fig. 2. Dispersion curves as a function of wavelength for PCF with A =
2.2 pm, d1 /A = 0.40, and d2 /A = 0.95.
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Fig. 3. Contour plot of intensity distribution of the PCF with A = 2.2 pm,
di/A = 0.40, and d2 /A = 0.95 at 1.55 pm.

polarization of a considered mode over a quarter of the cross-
section is preserved subject to the proper choice of PEC and
PMC combinations [18]. The computational window is chosen
beforehand so that the influence of artificial outer boundaries
can be neglected. The background refractive index was obtained
from the Sellmeier equation for silica [19].

Fig. 2 shows the effective index of the x- and y-polarization
mode as a function of wavelength for the PCF with A =
2.2 pm, d1 /A = 0.40, and dy /A = 0.95. Also shown in Fig. 2
is the effective index (cladding index) of the fundamental space-
filling mode (SFM) [3], which is evaluated by applying FEM
to the elementary piece as shown in Fig. 1. Polarization cutoff
occurs when the effective index of one of the polarization
states falls below that of the SFM. The cutoff wavelengths
of z- and y-polarized modes are estimated to be ~ 1.37 and
~ 1.62 pm, respectively, corresponding to the intersection
points of their dispersion curves with that of the cladding
dispersion as shown in Fig. 2. The single-polarization wave-
length range where only the y-polarized mode is guided and the
x-polarized mode is leaky is shown in the figure. Fig. 3 shows
the intensity distribution of the y-polarized mode for the PCF
at 1.55 pm. The mode is well confined and elongated in the
y-direction.
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Fig. 4. Dispersion curves for SPSM PCF with different pitches d2/A. The
ratio dq /A and pitch A are fixed at 0.40 and 2 pm, respectively.

We found that it is possible to tune the wavelength range
for single-polarization operation by varying the fiber structural
parameters: dq/A, da/A, and A. Therefore, it is worthwhile
to examine the dispersion properties under the influence of
these parameters. First, we fixed d; /A at 0.4 and A at 2 pum
and changed do/A from 0.95 to 0.75 (Fig. 4). The cutoff
wavelength for z- and y-polarization shifts from 1.26 and
1.48 pm to 1.78 and 1.915 pm, respectively. Tuning the cutoff
wavelength by changing the ds/A ratio is possible but at the
cost of the reduction of single-polarization wavelength range
from 220 to 135 nm for d2/A = 0.95 to 0.75. The single-
polarization wavelength length reduction can be attributed to
the reduced birefringence induced by decreasing the diame-
ter of the two big air holes. When the dispersion curves of
x- and y-polarization are intercepted by that of the cladding
mode, a smaller single-polarization wavelength range appears
for da/A = 0.75. Therefore, da/A should be set as high as
possible to attain a wider single-polarization wavelength range.
ds /A = 0.95 is a reasonable parameter for practical PCFs [20],
and we assume this value for all the following simulations.

The hole pitch A is then varied from 1.6 to 2.4 um in steps of
0.4 pm, where d; /A and da /A are fixed at 0.40 and 0.95. The
dispersion curves are shown in Fig. 5. The cutoff wavelength
for z- and y-polarization shifts to longer wavelength with
the increase of pitches, and the single-polarization wavelength
range increases slightly. It is also possible to tune the cutoff
wavelength by varying the ratio d; /A. However, the pitch A
should be varied accordingly in order for the fiber to be a single-
polarization fiber over a useful wavelength range. Fig. 6 shows
dispersion curves for two set of parameters of d; /A = 0.5 and
A =1.25pum, and d; /A = 0.4 and A = 2 um. A smaller ratio
of dy /A requires a larger pitch A to support a single polarization
within a particular wavelength range. If the pitch A were kept
constant, reduction of dy /A to small values could lead to the
dispersion curves of both polarizations becoming parallel to
that of cladding, i.e., no crossing between the dispersion curves.
Hence, the fiber would not be a single-polarization fiber any
more. It is found that a PCF with a pitch as large as 8§ pum
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Fig. 6. Dispersion curves for SPSM PCF with different pitches di /A and
pitches A. The ratio of da /A is fixed at 0.95.

and d; /A = 0.30 has cutoff wavelengths of 1.12 and 1.8 um
for z- and y-polarization, respectively.

In order to find suitable parameters of d; /A and A for SPSM
operation, a series of numerical simulations have been per-
formed. The cutoff wavelength as a function of A for different
dq1/A is shown in Fig. 7. For smaller d; to A ratio, larger
A values can be chosen to obtain a wider single-polarization
range. The wide single-polarization wavelength range is easy
to understand because the modal birefringence increases with
a decrease of dy/A, resulting in a wider intersection section
between the dispersion curves of the guided modes and that
of the cladding mode. As shown in Fig. 7(d), a d;/A of
0.5, corresponding to ds/d; of less than 2, indeed supports a
single-polarization PCF although resulting in a narrow sing-
polarization range.

From Fig. 7, we note that the cutoff wavelength shows linear
dependence on A, which is useful for SPSM PCF design. The
fiber structure parameters for a desirable SPSM PCF operating
at a special wavelength can be easily obtained from Fig. 7.

Ea :
< q
2 0.5 - -
£ "2 2.5 3 3.5
>

2 . T T T .
2 .
& (©
2 15; D
(&]

1t -

q

05 1 1 L 1 I
1.2 1.4 1.6 1.8 2 22 2.4

05 I I 1 I I I I
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
Pitch A (pm)
Fig.7. Cutoff wavelength as a function of pitch A for different ratios of d; /A.

(@) di/A=0.3,(b)d1/A =0.35,(c)di /A = 0.4, and (d) d1 /A = 0.5.

III. POLARIZATION-DEPENDENT CONFINEMENT
L0oss AND EFFECTIVE AREA

Because the cladding of PCF is usually made of finite
numbers of rings of air holes, the guided modes in PCF are
inherently leaky. Various numerical methods have been applied
to investigate the leakage properties of PCF [21], [22]. In this
section, a full-vector FEM with anisotropic PMLs is used to find
polarization-dependent confinement loss. We will show that
confinement loss simulation can provide valuable information
for designing SPSM PCFs. It should be mentioned that there are
other loss mechanisms such as material absorption, Rayleigh
scattering, and waveguide imperfections. The losses due to
these factors are, compared with confinement loss, in general
small and relatively independent of polarization, and hence are
neglected here.

First, our FEM program was tested by rigorously comparing
with the multipole method [21] and other FEM data [15], [22]
before it is used to perform confinement loss calculation. Fig. 8
shows the calculated confinement loss of a nonbirefringent PCF
(i.e., d;y = ds = d) as a function of the number of rings of the
hexagonally arranged air holes and d/A ratio, where d is the
diameter of air hole and A is the hole spacing that is fixed at
2.3 pm [21]. These results are calculated using our FEM pro-
gram and agree well with the published results, and therefore
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Fig. 8. Confinement loss as a function on the number of hexagonally arranged
air holes and d/A for a wavelength of 155 pum. The air hole pitch is assumed
to be 2.3 pm [21].

TABLE 1
SPSM PCF PARAMETERS AND CONFINEMENT LOSS AT 1300 nm

PCF 1 PCF 11 PCF 111 PCF IV
di/A 0.30 0.35 0.40 0.50
A (um) 9.03 3.22 2.07 1.21
Confinement x: 4.55 x:40.61 x:108.3 x:1692.1
Loss (dB/m) y: 0.11 y:0.33 y:0.56 y:7.85
Banchwidih 146 84.7 65.3 417
(nm)
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Fig.9. Confinement loss for the x- and y-polarization for SPSM PCF working
at 1.30 pm. Solid lines: z-polarization; dashed lines: y-polarization.

we conclude that our program is reliable for confinement loss
calculation.

We first study the PCFs aiming for single-polarization oper-
ation around 1.30 pm. The PCF parameters with cutoff wave-
length of 1.30 pum are listed in Table I. These parameters were
obtained by setting the cutoff wavelength of the z-polarization
to 1.30 pm and calculating the corresponding pitches for vari-
ous dy /A ratios. Fig. 9 shows the confinement losses for - and
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TABLE II
SPSM PCF PARAMETERS AND CONFINEMENT LOSS AT 1550 nm
PCF V PCF VI PCF VII PCF VIII
di/A 0.30 0.35 0.40 0.50
A (um) 10.797 3.854 2.479 1.457
Confinement x: 1.5427 x: 32.286 x: 87.897 x: >1000
Loss (dB/m)  :0.0832 302665 1 04758  3:5.1234
Bandwidih 12.4 103.5 72.9 45.6
(nm)

Confinement Loss (dB/m)

y-4 —6- d,/A=0.30, A=10.80pm
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Fig. 10. Confinement loss for the z- and y-polarization for SPSM PCF
working at 1.55 pm. Solid lines: z-polarization; dashed lines: y-polarization.

y-polarization with eight rings of air holes. The confinement
losses for z- and y-polarized modes and SPSM bandwidth
(BW) are also given in Table I. The SPSM BW is defined
as the wavelength range over which one polarization state is
attenuated by at least 30 dB/m while the orthogonal state suffers
less than 1 dB/m. PCF II shows the largest BW and PCF I is the
smallest, which can be easily understood from Fig. 9. In Fig. 9,
we see that low confinement losses can be obtained for both
polarization modes at wavelengths far from the cutoff values
(e.g., 1.0 um), whereas the confinement losses of z-polarization
show an order of magnitude higher than that of y-polarization.
PCF IV shows a sharp increase whereas PCF I reveals a gradual
increase in confinement loss. The gradual increase can be
attributed to the longer transition region between the cladding
mode and the guided y-polarized mode. Compared with other
SPSM PCFs listed, PCF I allows the largest hole spacing
A, resulting in a small splice loss with conventional optical
fiber. However, the confinement loss difference between x- and
y-polarization is the smallest for PCF I, and the SPSM BW is
only 14.6 nm compared to 84.7 nm of PCF II.

A similar confinement loss profile can be found at 1.55 um
(Table II and Fig. 10). Comparing the data provided in Tables I
and II, a small increase in single-polarization bandwidth can be
found, which confirms the data plotted in Fig. 7.

It has been shown that the mode field diameter (MFD) of
a single-polarization optical fiber is a useful indicator of the
fiber’s performance [13], and the mode cutoff of PCF can also
be studied from the corresponding effective area A.g [23].
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Fig. 12. Calculated effective area of the two polarization states of an SPSM
PCF with d1 /A = 0.40, A = 2.479 pm (solid lines) and a modified PCF with
di/A = 0.40, A = 2.35 pum (dashed lines).

The calculated Aqg of the SPSM PCF with d; /A = 0.40, A =
2.07 pm (PCF III), as a function of wavelength is plotted in
solid lines in Fig. 11. As has been shown in Fig. 7(c), this fiber
has a cutoff wavelength of ~ 1.3 and ~ 1.5 ym for the z- and
y-polarization states, respectively. It can be seen from Fig. 11
that A.¢ remains nearly constant below the cutoff wavelength
but increases dramatically above the cutoff. The cutoff wave-
length may be defined here by the crossing of the dotted lines
as shown in Fig. 11 with the horizontal axis [23], which are
~ 1.35 and ~ 1.55 pm, respectively, for the x- and y-polarized
states. The discrepancy between the cutoff wavelengths ob-
tained this way and that from Fig. 7 is less than 4%. From
the practical point of view, the pitch A should be chosen to
be a smaller value so that the cutoff wavelength shifts to a
shorter wavelength. For comparison, we also showed the A.g
of a modified SPSM PCF with d; /A = 0.40, A = 1.98 um, in

" T T T T

Y O 1.30um
10 K v 1.55um H
\
9", 1
Y
A J
8, \
AR
— Y p
£ 7 LY
3 Ny
< B6F VXK 4
< AT
L Ao
o 5F Q J
N
N A
4l AN .
\\\\7\\
al o "~ j
S0 .
2t ~e-1T~~ol 1
L 1 1 1 T~ §3
03 032 0.35 0.4 0.45 0.5
Ratio d1/A
Fig. 13. Pitch A as a function of the ratio di/A for SPSM PCF with

z-polarization cutoff wavelength of 1.3 and 1.55 pm. The dotted lines are curve
fitting results.

dashed lines in Fig. 11. The A.g of the SPSM PCFs operating
at 1.55 pm is shown in Fig. 12, where the solid lines and the
dashed lines depict, respectively, the PCF with d; /A = 0.40,
A =2.479 pym (PCF VII), and a modified PCF with d; /A =
0.40, A = 2.35 um.

IV. COUPLING EFFICIENCY

For practical applications of SPSM PCE, splice loss between
single-polarization fiber and conventional fiber or other optical
waveguide should be considered. The splice loss depends on
a number of factors such as longitudinal, lateral, or angular
misalignment. These factors are not considered here, and we
only consider the ideal case where the two fibers are perfectly
aligned. Under such conditions, the splice or joint loss may be
estimated by using the well-known overlap integral method.
We use a full-vector FEM to calculate the electrical field
distributions of SPSM, which are then used to calculate the
splice loss by evaluating the overlap integral of the fields of
the SPSM and the single mode fiber.

Before the splice loss calculation, the relation of pitch A as
a function of the ratio d; /A for SPSM PCF with x-polarization
cutoff wavelength of 1.30 and 1.55 pm is plotted in Fig. 13.
The pitch associated with a specific ratio of d;/A can be
obtained from the curve fitting results (shown in dotted lines
in Fig. 13). The coupling efficiency between SPSM PCFs and
single-mode fiber (SMF) is calculated and shown in Fig. 14.
In the simulations, the MFD of SMF is approximated by
normalized Gaussian modes, and they are assumed to be 9.2 ym
at 1.30 gm and 10.4 pm at 1.55 pm [24]. The mode field
distribution of PCF is obtained by FEM and normalized be-
fore calculation. Overlap integration is then performed nu-
merically to evaluate the coupling efficiency. Fig. 14 shows
the coupling efficiency as a function of d; /A. The maximal
coupling efficiency is estimated to be ~ 78% and ~ 77% for
1.55 and 1.30 pm, respectively, and the corresponding PCF
structures are dq /A = 0.32, A = 5.1754 pm for 1.30 pm, and
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dy/A =0.33, A = 5.1646 pm for 1.55 um. The polarization-
dependent confinement loss is 6.51 dB/m for z-polarization
and 0.179 dB/m for y-polarization at 1.30 xm and 6.78 dB/m
(z-polarization) and 0.144 dB/m (y-polarization) at 1.55 pm.
Apparently, these loss data are not within the single-
polarization range as defined in Section III, indicating that
optimal coupling and optimal polarization extinction ratio may
not be achieved simultaneously. We recommend the use of
dy/A =0.35 (PCF II and VI as shown in Tables I and II)
for SPSM PCF as being the optimum. The coupling efficiency
would be over 70% for both 1.30 and 1.55 pm.

V. CONCLUSION

In conclusion, we have described the design methodology of
PCF for SPSM operation at a particular operating wavelength.
The polarization-dependent confinement loss of SPSM PCF
and coupling efficiency between SMF and PCF are numerically
calculated as functions of PCF parameters and wavelengths.
We show that the SPSM PCF can be optimized for 1.30- and
1.55-pm wavelength by choosing proper PCF design parame-
ters. The BWs of the SPSM PCFs designed for 1.30- and
1.55-pum operation are, respectively, 84.7 and 103.5 nm within
which one polarization state is attenuated by at least 30 dB/m
while the orthogonal state suffers a loss of less than 1 dB/m.
These PCFs may be found useful applications for all fiber
polarizer.
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