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Dual-core Photonic Crystal Fiber for Hydrostatic Pressure Sensing
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Abstract; By a full-vector finite-element method, the dual-core photonic crystal fiber for hydrostatic
pressure sensing with two layers of air holes in the cross-section missed was designed and optimized, The
mode field radius and numerical aperture of the optimized dual-core photonic crystal fiber are almost the
same as that of the single mode fiber, which contributes to a relatively low splicing loss between the
optimized dual-core photonic crystal fiber and the single mode fiber. The calculations results show that
the total loss induced by the similar mode field radius and numerical aperture is as low as about 0. 026 dB,
less than that between the traditional photonic crystal fiber and single mode fiber of 0. 1 dB. The
performance of the hydrostatic pressure sensor based on the optimized dual-core photonic crystal fiber
with a length of 20 cm was studied, and the results show the sensitivity is about —1. 6 pm/MPa in the
range {from 0 to 500 MPa.
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0 Introduction

(1,

Hydrostatic pressure measurement is necessary in a variety of areas Varieties of specialty fibers,

including polymer optical fiberst*, high-doped fibers!” and photonic crystal fiberst™, offer new
possibilities to enhance sensing measurement sensitivity for pressure detection. Photonic Crystal Fibers
(PCFs)', which also are called microstructured optical fiber, have been investigated since they appeared

in the mid 1990s due to their superior properties in single mode transmission™®, large negative
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dispersion , highly birefringence""™"*, non-linearity''"! and so on. The unique advantages of PCFs make

them very promising in many sensing applications. Various types of PCF sensors with excellent

[15] [16]

, strain sensor-'*', refractive index

[25-27]

performances have already been proposed, such as pressure sensor
sensor' ™ Among them, the sensing of hydrostatic pressure based on PCFs
[15]

has also attracts
considerable attention recently. Since the previously reported pressure sensor''” is not compact due to a
Sagnac interferometer formed by a long PCF and an optical coupler, we proposed a relatively compact
sensor which was based on a novel Designed Dual-core Photonic Crystal Fiber (DC-PCF)M*%1  The
reported 10 em DC-PCF can be used as a hydrostatic pressure sensor'’?! due to the pressure sensitive
mode coupling of the two fiber cores of the DC-PCF. Unfortunately, the distance of the two fiber cores of
the DC-PCF is less than 4 pm and the fiber core is much smaller than the Single Mode Fiber (SMF) which
results in the difficulty of the splicing due to the relatively large gap of the mode field radius (M,) and the
numerical aperture (N,) between the DC-PCF and the conventional SMF.

In this paper, based on our previous work, a novel DC-PCF that can match well with the conventional
SMF is proposed. In the cross-section of the proposed DC-PCF, each of the two solid fiber cores can be
seen as the missing two layers of air holes in the triangular lattice instead of the missing one air hole for
previously proposed DC-PCF. By adjusting the structure parameters of the novel DC-PCF, we have the
optimal values 10. 09 pm and 0. 139 for M, and the N, respectively. The optimized DC-PCF we proposed
here matches well with the conventional SMF with the mode field radius and numerical aperture of 10 um
and 0. 14, respectively, which results in a low splicing loss. Further more, we presented the one-to-one
correspondence between the hydrostatic pressure applied on the DC-PCF and the peak wavelength shift of

the transmission spectrum.

1 Structure and simulation method

The proposed DC-PCF with a cross-section y
shown in Fig. 1(a) is formed by a triangular lattice
of circular air holes with two solid cores separated
by one air hole. Each of the two solid fiber cores
can be seen as missing two layers of air holes in the

triangular lattice. Fig. 1 (b) shows the enlarged

view of one fiber core which is marked as the circle z

. . . . Cross-secti Eenlarged vi

in the Fig. 1(a). The hole pitch of the triangular ross-section e
lattice is A and the diameter of the small air hole is ps
2r in the cross-section of the proposed DC-PCF. Fig.1 Cross-sectionand enlarged view of the fiber
The refractive index of the air is assumed to be 1.0 core of the proposed DC-PCF

and the refractive index of the fused silica is 1. 444

at 1550 nm according to the well-known Sellmeier equation

B\ B, \* B, )\?
7 —+= -+ =
T (/1 /1“ - (/2 A“ - (/3

where n is the refractive index, A is the wavelength, B,,; and C,,; are experimentally determined

nz(/\):1+/1 (D

Sellmeier coefficients. Note that this A is the vacuum wavelength.

A full-vector Finite-Element Method (FEM) is used to investigate the guided modes of the proposed
DC-PCF. The DC-PCF under the pressure will result in pressure induced refractive index change according
to the well-known photoelastic effect. The changing of pressure-induced refractive index of the silica under

the hydrostatic pressure are given by the equations as™®”

An, = n, —n, =— Cyo, — C; (6, +0.) (2)
A?’ly = n, — Ny :*C1O'},*C2(O'J-+O'J) (3)
An. = n. —n, =— Cig. — C, (5, +0,) 4

where ¢, , o, and 6. are the stress components, C; =6.5X10 " m*/N and C,=4.2X10 " m*/N are the
stress-optic coefficients of pure silica, where x-axis parallels the any side of regular hexagon in the Fig. 1
(a), and y-axis perpendiculars to x-axis and it also in the cross-section of the proposed DC-PCF, and z-axis
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follows the direction of the air hole. For the DC-PCF under the pressure, the stress components of the
silica can be achieved based on the FEM analysis of the optical fiber under the hydrostatic pressure.

As we previously reported the hydrostatic pressure sensor based on a DC-PCF, the pressure-induced
refractive index change of the DC-PCF results in the wavelength peak shift of the transmission spectrum
when the light is injected into one fiber core of the DC-PCF due to the mode coupling of the two fiber
cores. According to the mode coupling theory, the optical power transferred from one fiber core to the
other fiber core after a length Z along the fiber we proposed based on mode coupling theory is given by

P2 = sin(|n.—n, | Z + n/2) = sin’ (An,Z « n/A) (5)

where n., n, are the calculated effective refractive indices of the even mode and odd mode, respectively.

Thus, we can calculate the transmission spectrum from one fiber core of the novel DC-PCF with a fixed

length according to Eq. (5).

2 Properties and performance

2.1 Normalized electric field distribution

Fig.2 shows the normalized electric field Lol E
distribution along the radial x-direction of the SMF, ‘ A /rm
the novel DC-PCF and the previous proposed DC- 2081
PCF, which are achieved by using the FEM to g 06l ’.\'ev.e'
investigate the guided modes. As we all know, the 3 DC'PCF
SMF has one fiber core with a diameter of 8.3 um, g 041 =2 _

. . . E Previous
which is much larger than the previously proposed 202k proposed
DC-PCF with a normalized electric field distribution DCRCH
mark as the green curve. However, the novel DC- 0 o 4 o ' : 4 6

0 2
PCF shows a similar normalized electric field Radius/um

distribution as the SMF, which will contribute to Fig. 2 Electric field distribution of SMF, novel DC-PCF

reducing the power loss in the splicing interface and previous proposed DC-PCF

between the PCF and the SMF. Inset shows the
mode profile of the SMF, the novel DC-PCF and the previous proposed DC-PCF respectively. Note that
only one fiber core of the DC-PCF is described here and the parameters of the calculated novel DC-PCF
(previous DC-PCF) are r=0. 34 pm, A=3.48 pm (+r=0.7 pm, A=2 pm).
2.2 Mode field radius and numerical aperture

The M, and the N, play an important role in the splicing loss between the PCF and the SMF. The
insert loss (L;) induced by the N, mismatch is given by

(N.»)
(N,.)

where N,, and N,, are the numerical aperture of transmitting and receiving optical fiber respectively. The

(6)

L, = 10log

formula indicates that the insert loss can be reduced by using two fibers with similar numerical aperture.
The insert loss (L;) caused by the mismatch of mode field radius can be expressed by

YAIIR IR

L, = 20log 7

where w, and w, are the mode field radius of transmitting and receiving optical fiber respectively. The
formula indicates that the insert loss may reach the lowest by using two fibers with similar mode field
radius. Firstly, we try to optimize the M, and the N, of our previously reported DC-PCF by adjusting the
structure parameters. The cross-section of the earlier DC-PCF is formed by a triangular lattice of circular
air holes with two missing air holes as two fiber cores which are separated from one air hole. Now, we
have to design a novel DC-PCF with different structures. The small air holes are still arranged by following
the principle of a triangular lattice. The only difference is that the region of the fiber core can be seen as
missing two layers of air holes, as Fig. 1 shows.

We also investigate the change rules of the M, and the N, of this novel DC-PCF, which is shown in
Fig. 3. We can see the novel DC-PCF follows the similar rules as the previous DC-PCF does. Based on the
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above conclusion, we try to design an optimized DC-PCF which has the lowest splicing loss. Fig. 4 shows
the total insert loss of the novel DC-PCFs which is caused by the mismatch of the M, and the N, with
different structure parameters. We can find that each curve has a minimum value in the calculated range
which means there is an optimized structure parameter combination. Our calculations shows that when we
choose A=3.48 pm, r=0.34 pm r=0. 34 um, as the structure parameters of the optimized DC-PCF, the
total splicing loss is only about 0. 026 dB which is acceptable since the splicing loss for the SMF to SMF is
usually about 0.1 dB when using a commercial fiber splicer. The optimized DC-PCF has the M, of 10. 09
pm and the N, of 0. 139, respectively.
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Radius/pum Radius/um
Fig. 3 Mode field diameter and numerical aperture Fig. 4 Total insert loss with different hole radius and
with different parameters of the novel DC-PCF hole pitch

2.3 Hydrostatic pressure sensor

Finally the performance of the hydrostatic pressure sensor based on this optimized DC-PCF has been
investigated. Fig. 5(a) shows the (ax-polarized) transmission spectrum of the DC-PCF with a length of
20 cm at hydrostatic pressure of 0, 100, 200, 300, 400 and 500 MPa. There is a one-to-one correspondence
between the pressure and the output spectrum for the optimized DC-PCF based pressure sensor, when we
focus on the peak wavelength A, A, rang from 1530 nm to 1580 nm. We can achieve the relationship between
the peak wavelength and hydrostatic pressure, which comes out to be a linear relationship as shown in
Fig. 5(b). The calculation shows that the sensitivity of the optimized DC-PCF based pressure sensor is
about —1.6 pm/MPa.
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(a) Transmission spectra under different hvdrostatic pressure (b) The relationship between peak wavelength and pressure

Fig. 5 Transmission spectra and peak wavelength (around 1550 nm) of the transmission spectra of

a 20-cm optimized DC-PCF versus hydrostatic pressure

3 Conclusion

In conclusion, we have proposed and investigated a novel DC-PCF with well matched the M, and the
N, with the SMF in the application of hydrostatic pressure sensing. The fiber cores of the novel DC-PCF is
formed from missing two layers of air holes instead of missing one air hole, which contributes to achieving
the same M, and N, as that of the SMF. The M, and the N, of the proposed DC-PCF dependent on the
structure parameters have been investigated. The significant advantage of this novel DC-PCF is that it can
match well with the conventional SMF, resulting in a low splicing loss caused by the M, mismatch and the
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N, mismatch. By adjusting the hole radius and the hole pitch, we obtained the optimized DC-PCF with the

splicing loss about 0. 026 dB for the M, mismatch and the N, mismatch. Finally, the performance of the

hydrostatic sensor based on the optimized DC-PCF has been investigated.
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