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A novel equal diameter circular-hole photonic crystal fiber (PCF) with high birefringence is proposed and numerically
analyzed by employing the finite-element method. The proposed PCF’s birefringence is 10, which can reach 2 orders
higher than that of traditional high birefringence fiber, and this equal diameter circular-hole structure reduces the dif-
ficulty of the actual drawing process. The effect of different parameters on the birefringence of this PCF is investigated,
and the application of the Sagnac interferometer based on fiber filling technology in temperature sensing is studied.
The result shows that the high birefringence PCF can be used in both optical communication and optical sensing fields.
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High birefringence fiber has important applications in
fiber sensing and optical communication fields. Conven-
tional fiber birefringence is low, and it needs to introduce
materials to obtain high birefringence. Photonic crystal
fiber (PCF) is a two-dimensional optical fiber!"?), where
air holes are periodically introduced in the cladding of
quartz substrate. Benefited from its flexible structure
design, the PCFs have great potential development and
broad application prospect™®. The high birefringence
PCFs made of pure quartz material can be designed with
different structures to improve optical fiber performance,
and have the incomparable superiority to traditional high
birefringence fiber. The high birefringence PCF’s struc-
ture is flexibly designed through the introducing air holes
with different sizes in the cladding or changing the
shapes of the fiber core and cladding air holes for getting
higher birefringence and excellent properties.

In recent years, with the rapidly increasing require-
ments of fiber properties applied in optical information
transmission with high precision and velocity!*, plenty
of high birefringence PCFs have been designed. Habib et
al® proposed a micro-structural core PCF, whose bire-
fringence reached 2.11x102. Although this method can
achieve high birefringence, the shape of air hole is not
unified, which makes the production difficult. Habib et
al'” designed a type of high birefringence PCF, and the

birefringence could be high as 3.79x10 but some mate-
rials need to be introduced. Cai et al''"! proposed a dode-
cagonal photonic quasi-crystal fiber with high birefrin-
gence, the birefringence reached 3.86x107 but the ar-
rangement of the air hole has no rule which increases
difficulties of the production process. Generally, most
PCFs are formed by various kinds of irregular circular air
holes in the cross section. There are few reports about
high birefringence PCFs using pure circular air-holes in
fiber cladding.

In this paper, we propose a new kind of high birefrin-
gence PCF structure. Some equal diameter circular holes
are introduced in the quasi-rectangular arrangement PCF
fiber, the transverse and longitudinal air hole spacing
values are adjusted, a new type of PCF hybrid distribu-
tion structure is formed, whose birefringence can reach
the magnitude of 10°. By simulating and adjusting the
parameters of proposed structure firstly, we analyze the
effect of structural parameter of PCF on the mode bire-
fringence by full-vector finite-difference frequency-
domain method, in order to find patterns obtained with
the largest birefringence optical fiber structure parame-
ters. Simulation results show that different structural
parameters can make the birefringence increase at least
two orders of magnitude than that of the traditional high
birefringence fiber. PCF can achieve high birefringence
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by changing its aperture and arrangement, making it
more suitable for practical application!'?. Finally, part of
the air holes in this proposed PCF are selectively filled,
and the temperature sensitivity based on the Sagnac in-
terferometer is analyzed. It is shown that the PCF with
high birefringence and easy drawing process can be ap-
plied in temperature sensing fields after filling functional
materials.

We adjust the air hole structure of PCF and form a
kind of the pure circular-hole PCF with high birefrin-
gence. The cross section structure of the PCF is shown in
Fig.1. The air holes are arranged in a quasi-rectangular
area near the fiber core, and the sizes of holes are all the
same. The structural parameters are as follows: the air
hole pitches are A=2.232um, A4,=2.86 um and
4,=1.876 pm, the diameter of each circular air hole is d,
the refractive index of the air hole is set as n=1, and the
refractive index of the background silica is set as
n=1.444.
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Fig.1 (a) Cross section of the pure circular-hole PCF;
(b) The circular-hole arrangement in the fiber cladding

Birefringence index, as an important parameter for
describing high birefringence PCF, is defined as the dif-
ference between the effective refractive indices of the
x-polarization mode and the y-polarization mode!"*'*.
The birefringence of the fundamental mode can be ex-
pressed as

Bz‘Re(n;;T—nc‘ﬁ) ) (1)

where n, and 7 are the effective refractive indices

of the fundamental modes on x-polarization and
y-polarization, respectively, and Re denotes real part.

Not only COMSOL software has high precision and
accuracy, but also interface and operation are simple. The
effective refractive indices of the fundamental modes can
be calculated by COMSOL. The relationships between
the effective refractive indices and wavelength of the
fundamental modes are shown in Fig.2.

It can be seen from Fig.2 that in the short wavelength
region, the effective refractive indices of the fundamental
modes on x-polarization state and y-polarization state in
PCF are almost the same, so there is no birefringence.
With the increase of the wavelength, the birefringence
increases obviously. The reason is that with the increase
of wavelength, the mode field gradually penetrates into
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the cladding, and the penetration velocity of
x-polarization mode is faster than that of y-polarization
mode, which leads to the effective refractive index dif-
ference between the two polarization modes.
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Fig.2 (a) The curves of fundamental mode field dis-
persion characteristics; (b) The curve of birefringence
with wavelength

Fig.3 shows the mode field distributions of
x-polarization state and y-polarization state at 1 550 nm.
For the asymmetry of the core, the effective refractive
indices of x-polarization mode and y-polarization mode
are different. The effective refractive index of

x-polarization mode is 7, =1.414, and the effective re-
fractive index of y-polarization mode is . =1.412.

Therefore, the fundamental mode birefringence at
1 550 nm is B,=| (2, —n,)|=2.03x10" .

(2) (b)

Fig.3 Distributions of (a) x-polarization and (b)
y-polarization fundamental mode electrical fields at
1550 nm
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We study the polarization dependent loss at 1 330 nm
and 1550 nm. The ratio between constraint losses of
x-polarization mode and y-polarization mode at

A=1 330 nm is 3.8:1 and the ratio at A=1 550 nm is 1.76:1.

So these two models can be transmitted at the same time.

In order to study the effect of different parameters on
birefringence, we analyze the relationship of the air hole
parameters and the birefringence, and Fig.4 shows bire-
fringence of PCFs with different hole spacing of
A1=2.032 pm, 4,=2.132 pm, 45=2.232 um, 4,=2.332 pm
and A5=2.432 pm, respectively, where the air hole di-
ameter is d=0.7 um under the same wavelength of
1 550 nm.
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Fig.4 Curve of birefringence variation with different
hole spacing A

Fig.4 shows that with the increase of A, the birefrin-
gence decreases gradually, which is due to the elliptical
core PCF changing the core geometry to obtain high bi-
refringence. The birefringence value of the model with
A,=2.032 pm is 3.42x107, which is 1—2 orders of mag-
nitude larger than that of the ordinary elliptical core. Al-
though the birefringence of PCF with 4,=2.032 pm is the
largest, there are some overlaps among the air holes in
the PCFs with 4,=2.032 pm and 4,=2.132 um as shown
in Fig.5. Therefore, 4;=2.232 um is the most appropriate.
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Fig.5 Cross sections of the PCFs with different hole
spacing A1 and Az

Then, we change the elliptical core geometry to obtain
high birefringence. Fig.6 shows PCF birefringence curve
along with different air hole diameters of @d=0.4 pm,
0.5 pm, 0.6 um and 0.7 um and the same hole spacing of
A=2.232 pm at /=1 550 nm.

Keeping the air hole spacing 4=2.232 um constant,
with the increase of the air hole diameter d, the birefrin-
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gence increases. At d=0.7 um, the corresponding maxi-
mum birefringence value is 1.894x107. If reduce the air
hole spacing and increase the air hole diameter blindly to
get a larger refractive index, it will make the air holes
overlap. In this paper, we select moderate air hole pitch
of A=2.232 ym, air hole diameter d=0.7 pm, and the
maximum birefringence value at 1 550 nm is 3.42x107.
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Fig.6 Curve of birefringence variation with different
air hole diameters d

The structure has the potential to expand by adjusting
the horizontal and vertical spacing, keeping d and A4 un-
changed at the same wavelength of 1 550 nm. The curves
of birefringence with different horizontal and vertical
hole spacing values are shown in Fig.7.
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Fig.7 Curves of birefringence variation with different
(a) horizontal and (b) vertical hole spacing
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It can be seen from Fig.7(a) that with the increase of
A,, the birefringence increases at the beginning and then
decreases. The core area becomes larger until reaches the
maximum effective area, and the energy bounded in the
core can’t be effectively diffused into the cladding, so the
birefringence reduces. It can be seen from Fig.7(b) that
with the decrease of 4,, the basal area reduces, and the
energy of the core can be effectively diffused into the
cladding layer. According to the above analysis, we
choose 4,=2.860 pm and 4,=1.876 pm to get a higher
birefringence.

Through the above analyses, we can know that with
the parameters as the air hole diameter d=0.7 um, hole
spacing A=2.232 um, A4,=2.860 um, 4,=1.876 pm and
wavelength =1 550 nm, the birefringence is the highest
as B=3.42x107. The cross section model proposed in this
paper not only makes the process simple, but also has the
potentiality by changing the distance among the three
directions to meet the needs of the birefringence.

In the actual drawing process, the air holes are easily
deformed into micro-elliptical air holes. Calculated with
the other parameters remaining unchanged and changing
the air hole to elliptical hole with a:b=1:1.01, the calcu-
lated birefringence B’ is different from the original B
about 0.01%. Therefore, the birefringence error produced
by ellipticity in the actual drawing is within the accept-
able range.

High birefringence PCF has important applications in
Sagnac interferometer. For the Sagnac interferometer,
two light beams divided by 3 dB coupler respectively go
through the birefringent fiber clockwise and counter-
clockwise to cause phase difference!’>', which results
in interference fringes. The local holes with selective
filling are shown in Fig.8.
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Fig.8 Cross section of the PCF selectively filled by
liquid

The transmission interference spectrum formula is ex-

pressed as
1- )

(1), @
where ¢ is the phase difference caused by the birefringent
fiber with length of L and expressed as

0=2nLB(A)/ . 3)

The thermo-optical coefficient of the filled liquid is
—0.000 404 °C™" (ignoring the thermal coefficient of a
pure silica substrate of ~8.6x10°K™), the birefringence
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values of the PCF at different temperatures are calculated
by using the finite element method. According to Eq.(2),
when the length L is set to be 5 cm, the transmission
spectra at different temperatures are shown in Fig.9. It
can be seen that when the temperature changes from
25 °C to 35 °C, the resonant dip A shows the blue shift.
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Fig.9 Transmission spectra of Sagnac interferometer
with fiber length of 5 cm at different temperatures
obtained by theoretical calculation

Fig.10 shows the drift tendency of resonant dip A. as
the temperature increases, the drift velocity is getting
slower, and the sensitivity to temperature is getting lower.
The sensitivity at 7=25 °C is about S=17 nm/°C, and the
sensitivity at 7=33 °C is about S$=10 nm/°C. With the
change in the refractive index of the air hole, the drift
degree of resonance dip of Sagnac interferometer can be
obtained to estimate the temperature change. It is shown
that the PCF’s structure proposed in this paper can be
applied in temperature sensing fields after filling func-
tional materials.
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Fig.10 The tendency of the interference dip wave-
length with temperature

In this paper, we design a kind of novel equal diameter
circular-hole PCF, and investigate the effect of the air
hole diameters, the hole spacing and the refractive index
of material in hole on birefringence performance. The
results indicate that the high birefringence can reach the
order of 107, Moreover, the structure has high birefrin-
gence and uniform shape and size of the air holes, which
brings convenience to the production process. The new
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PCF can be widely used in PCF laser, optical communi-
cation systems, polarization maintaining fibers and so on.
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