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Abstract
Recently, photonic crystal fibers (PCFs) have attracted many researchers because of
their unique properties, and design flexibility that can’t be realized by conventional
fibers. One of the fruitful areas of research is the optical fiber hydrophone. In this paper,
the finite element solver (FES), COMSOL multiphysics, is used to study and compare the
response to acoustic pressure of a hollow-core photonic band gap fiber (HC-PBF), a
solid-core photonic crystal fiber (SC-PCF), and a conventional single-mode fiber (SMF)
for different acoustic pressures in the frequency range from 10 kHz to 50 kHz. The key
structural factors affect the sensitivity to acoustic pressure (S) of the microstructured
fibers are studied and a mathematical formula describes the relation of S and the
dominant structural factor is proposed. Simulation results of the investigated optical
fibers show that the normalized responsivity (NR) of the HC-1550, LMA-5, and SMF are
-344 dB, -367.5 dB, and -366 dB, respectively. The proposed simulation results are in
good agreement with published theoretical and experimentally measured results. The
proposed results indicate the significance of the HC-PBFs in the future hydrophone
systems and are useful for the design of microstrustured optical fibers for sensing
applications.
Keywords: Hollow-core photonic bandgap fiber, Microstructured silica fiber, Optical
fiber acoustic sensors, Normalized acoustic responsivity, Optical fiber hydrophone

1. Introduction
For many years, researchers have shown the advantages of the SMF hydrophones as a
potential alternative to the existing sound navigation and ranging (SONAR) technology
[1, 2]. The SMF hydrophone has low acoustic sensitivity because it is made of glass
material that has high Young’s modulus makes them incompressible. In addition, the
refractive index change due to fiber strain has opposite sign with respect to length change
and hence reduces NR [3]. Searching for better performance, researchers tested photonic
crystal fibers (PCFs) that can be divided into two categories; SC-PCFs in which light is
guided by modified total internal reflection, and HC-PBFs in which light is guided by the
photonic bandgap effect. Previous work showed that SC-PCF has about the same
performance as that of SMF as acoustic sensor [4]. However, SC-PCFs sensors showed
excellent performance in many applications. This is because they offer attractive
advantages over SMFs such as the design flexibility, endlessly single-mode operation,
the possibility to fabricate sensors based on refractive index change by filling its air holes
with materials or liquids, and they are almost insensitive to bending allows the fabication
of hydrophones with larger number of arrays, smaller size and lower cost [5-7]. It was
reported that large mode area (LMA-5) PCF, beside other advantages, is almost bend
insenstive in the studied spectral range from 400 nm to 1000 nm up to bend diameter of 1
cm, that can be used to realize smaller hydrophone size [5, 8]. The aforementioned
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advantages motivated us to study the feasibility of using LMA-5 in the optical
hydrophones.
HC-PBF were tested experimentally as interferometric acoustic sensors and it was
found out that it has many advantages over SMF that contribute to better sensitivity to
measurands and suitability for many applications [3, 5, 9, 10]. Some of these advantages
are; (1) design and manufacturing flexibility of HC-PBFs can reduce the effective
Young’s modulus of the fiber and enhances the NR of the HC-PBF [3, 11], (2) the
undesirable negative index effect introduced in SMF is expected to be greatly reduced in a
HC-PBF in which most of the mode energy is confined in air, so the NR of the HC-PBF is
expected to have higher sensitivity, (3) holes of the HC-PBF can be filled with a material
with opposite thermal expansion to make the material completely temperature insensitive
[9], (4) In the HC-PBF sensing coil, because the light travels through air, it has much
smaller Kerr, Faraday, and thermal constants than silica cores, this reduces the
dependencies on power, magnetic field, and temperature fluctuations [9], (5) HC-PBFs
are almost entirely bend-insensitive and can be bent down to very small diameters (<1cm)
with minimal loss, this makes it suitable for small-size hydrophone applications [5, 12],
and (6) HC-PBFs have very low back-reflection at the fiber end faces because of the close
match of the mode index with the ambient air and this helps to reduce the back-reflected
light level which is beneficial for many applications [10]. However, using PCFs as
acoustic sensors needs further investigation to be feasible as an alternative to its
counterpart of SMF interferometers. In this paper, the finite element solver COMSOL
multiphysics, is used to study the response to acoustic pressure (p) of HC-1550 as HCPBF, large-mode area (LMA-5) as SC-PCF, and the conventional SMF. The effect of the
main structural factors of the PCFs on its NR were studied. The proposed simulation
results are in good agreement with the theoretical and experimentally measured results
proposed in [3, 4].

2. Mathematical Model
The cross-section of a PCF is shown in Figure 1. The PCF is modeled as four circular
regions; an air/silica core, an air-silica honeycomb inner cladding consists of array of
cylindrical air holes, a solid silica outer cladding, and an acrylate coating. The parameters
of each region of the PCF are denoted by a superscript (i = 1, 2, 3, and 4). The acoustic
pressure is governed by the wave equation and is given by [13];
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Where t is the time, ρo is the density of the fluid, q and Q are the acoustic dipole and
monopole source, respectively. The wave equation can be solved in the frequency domain
to expand the acoustic signal into harmonic components by its Fourier series. A harmonic
solution has the form;
p (x , y )  p (x )e i t
(2)
Where ω is the angular frequency, and the actual physical value of the acoustic pressure is
the real part of Eq.(2), consequently, the time-dependent wave equation reduces to the
Helmholtz equation given by;
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Figure 1. General Cross-Section of a PCF with an Air/Solid Core,
Honeycomb Air-Silica Inner Cladding, a Solid Silica Outer Cladding, and
a Polymer Coating, where (a-d) Represent the Radius of Each Layer
In the homogenous case where the two source terms q and Q are zero, the solution to
the Helmholtz equation is the plane wave given by;
(4)
p (x , y )  po (x )e i (t  k .x )
Where po is the amplitude of the wave and k is the wave number. Considering each of the
investigated fibers as the sensing arm of the interferometric hydrophone, the acoustic
pressure (p) primarily affect the fiber length (L), and the effective refractive index of the
fundamental mode (neff) of the phase (φ) of the travelling light through the fiber, where φ
is given by;
2
(5)

neff L



Where λ is the wavelength of the propagating light. To calculate neff, the FES COMSOL
multiphysics is used to solve the vectorial electric field wave equation as an eigenvalue
problem and hence to calculate the propagation constant (β), and neff. NR is a figure of
merit independent of wavelength and optical fiber dimensions which is commonly used to
compare between different hydrophone designs. It normalizes the sensitivity of the
hydrophone (S=d  /dp) by the total optical phase shift and for PCFs is given by:
NR 
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(6)

where  z2  dL / L is the axial strain of the microstructured region of the HC-PBF.
The elasto-optic effect determines the index variation due to applied acoustic pressure.
The general linear stress-optical relation is used to calculate the change of neff due to the
applied acoustic pressure and is given by [13, 14]:
n x  no  B1S x  B 2 (S y  S z )
n y  no  B1S y  B 2 (S x  S z )

(7)

n z  no  B1S z  B 2 (S x  S y )
Where no is the refractive index of a stress-free material, B1 and B2 are the stress-optic
coefficients and Sx, Sy, and Sz are the principal components of the induced stresses in the
three directions.
For the conventional SMF, the NR is calculated from [1];
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Where εz and εr are the axial and radial components of strain.

3. Simulation Results and Analysis
In this section, simulation results based on the FES are introduced. The material’s
physical parameters of the investigated optical fibers shown in Table 1 are imported into
the FES. In Table 1, subscripts (1, 2, 3, and 4) represent each region of the optical fiber, d
, E, and ν are the diameter of the region, the Young’s modulus, and the Poisson’s ratio of
each region, respectively, Eo is the Young’s modulus of the silica material. The
parameters of the microstructured area of the PCF are: Λ is the pitch (the central distance
between two adjacent air-holes in the microstructured cladding), dh is the diameter of the
air-hole, and η is the air-filling ratio (the ratio of dh to Λ).
Table 1 Physical Parameters of the Investigated Fibers [3, 5, 7, 8]
Region

SMF

LMA-5

HC-1550

Core

Material:
99%SiO2+1%GeO2
d1=8 μm, E1= 72 GPa,
ν1=0.17

Material: Silica
d1 =5 μm, Eo =72 GPa,
ν1=0.17

Material: Air
d1= 10.1 μm

Clad

95%SiO2+5%B2O3
d2 =125 μm
E2 =72 GPa
ν2=0.17

Air-silica Honeycomb
d2 = 38μm, ν2=0.17,
Λ=2.9 μm
dh=1.27 μm, η =44%
Er=Eθ=(3/2)(1-η)3Eo
Ez=(1- η) Eo
Solid-silica clad
d3 =125 μm, E3 =72
GPa, ν3=0.17

Air-silica Honeycomb
d2 =70 μm, ν2=0.17,
Λ=3.8 μm
dh =3.5 μm, η =92%
Er=Eθ= (3/2)(1-η)3Eo
Ez=(1- η) Eo
Solid-silica clad
d3 =120 μm, E3 =72 GPa,
ν3=0.17

Polymer
coating

Material: Acrylate
Thickness (t)=93.5
μm
E3 =0.75 GPa, ν3=0.45

Material: Acrylate
t=93.5 μm, E4 =0.75
GPa, ν4=0.45

Material: Acrylate
t =93.5 μm, E4 =0.75
GPa, ν4=0.45

NR (dB)

-366

-367.5

-344

The response of the HC-PBF to acoustic pressure is studied by coupling between the
Acoustic solid-interaction (ASI), and the Wave optics (WOM) modules in the FES. This
allows easy transfer of the required data between the two modules, and provides accurate
calculations. After setting up the model geometry, and importing the required equations
and parameters to the FES, the ASI is used to apply acoustic pressure of different
amplitudes and frequencies that cause structural deformation; hence the induced stresses
and strains of the investigated fibers are calculated. The ASI exchanges data with the
WOM by coupling between them, then by performing mode analysis, neff corresponding to
the deformed structure is calculated. This allows calculating the phase change and NR for
the investigated fibers given by Eqs. (5, 6, 8), respectively. The microstructured regions
of the PCFs are modeled as anisotropic materials while the silica outer cladding and the
acrylate regions are modeled as isotropic materials [11]. The effect of the coating material
and thickness on NR was proposed by many researchers and recently in [12]. To avoid
inaccurate comparison between the three investigated fibers because of different coating
materials and thickness, the same coating material and thickness for all fibers are used.
Some data are imported and plotted in MATLAB.
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(a)

(b)

(c)

Figure 2. Radial Displacement Profile for (a) HC-1550, (b) LMA-5, and (c)
SMF, for p = 5 Pa, f = 10 kHz.
Figure 2 and Figure 3 show the calculated radial displacement as a function of the
optical fiber radius (r) for HC-1550, LMA-5, and SMF, for applied acoustic pressure of 5
Pa and acoustic frequency (f) of 10 kHz. In Figure 3, the radial displacement data of the
HC-1550 is fitted by shape-preserving interpolant in MATLAB.
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Figure 3. Radial Displacement as a Function of Fiber Radius for (a) HC-1550,
(b) LMA-5, and (c) SMF, for p = 5 Pa, f = 10 kHz
It can be seen from Figure 3, that the honeycomb region of the HC-1550 (5< r <35 μm)
has peaks of displacement values in regions corresponding to the deformed silica between
the air holes while the solid-silica region (35< r <60 μm) has very small values. The
reason for this is the high Young’s modulus of the solid-silica material that limits its
deformation. From Figure 3, it is shown that despite the presence of the air-holes in the
microstructure region of the LMA-5, its radial displacement is approximately the same as
that of the SMF. This can be attributed to the presence of the solid-core and the low airfilling ratio of the honeycomb area that limit its ability to deform. For SMF, it can be seen
that the displacement in the silica region (0 <r <62.5 μm) is generally very small. This can
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be attributed to the high Young’s modulus of silica material of the core and cladding that
limits the flexibility of the material and consequently, the NR of the SMF. Generally, for
the three optical fibers the region with the highest radial displacement is the polymer
coating region (r >60 μm) in which the acrylate material has low Young’s modulus allows
it to deform easily. As a conclusion, for the same applied acoustic pressure and frequency
the radial displacement of the HC-1550 is higher than the LMA-5 and SMF. This
indicates that generally, HC-PBF are more compressive and consequently, have higher
sensitivity to acoustic pressure than that of SC-PCF and SMF [3, 15].
We also investigate the effect of changing the structure of the honeycomb region on the
axial strain and NR of the HC-1550. Figure 4 shows the axial strain of the HC-1550
versus η for different applied acoustic pressures. In this figure Λ is swept from 3.8 μm to
6.3 μm and allowed to extend to the solid-silica cladding region, while dh is kept
unchanged. From Figure 4, it can be deduced that generally, as η decreases the axial strain
decreases. The reason for this is that as Λ increases, the amount of silica in the
honeycomb area increases that limits the axial strain. Also, it is shown that as the acoustic
pressure and η increase, large deformation occurs in the honeycomb area causes the axial
strain to increase noticeably higher than its values when the acoustic pressure is smaller
for the same η.
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Figure 4. Axial Strain of the Microstructured Region of HC-1550 as a
Function of η for Different Acoustic Pressures
The FES enables us to calculate the NR of the investigated optical fibers as shown in
Figure 5. It can be seen that the calculated average NR for applied acoustic pressure of 1
Pa in the frequency range from 10 kHz to 50 kHz for the HC-1550, LMA-5, and SMF are
-344 dB,
-367.5 dB, and -366 dB, respectively. HC-1550 has the highest NR due to its air-core
and the high air-filling ratio in the honeycomb area. This reduces the amount of silica in
the honeycomb area, reduces the contribution of the index term of the NR given in Eq. (6)
and consequently, increases the NR.
In [3], the experimental results showed that the NR of HC-1550 is about 15 dB higher
than that of the conventional SMF, while the proposed simulation results shows a
difference of about 22 dB. We attribute this 7 dB difference to the use of the real structure
in [3] that may contains imperfections causes reduction of the NR of the HC-1550
compared to the ideal structure that we used in the simulation. Simulation results show
that the NR of the LMA-5 is 1.5 dB lower than that of SMF, while it was expected that
LMA-5 has better NR because of the presence of the honeycomb cladding that has
smaller equivalent Young’s modulus than that of the SMF. This can be attributed to the
following reasons; (1) the large amount of silica in the honeycomb area because of the
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solid-core, and the low air-filling ratio (η = 44%) that limits the ability of LMA-5 to
deform, (2) as the light propagates in solid-core, the calculated index term in Eq.(6) is
significant and this reduces the overall NR of the LMA-5. In addition to the sensitivity to
acoustic pressure, size of the sensor is also an important factor. If the SMF and the LMA5 have about the same NR, then we can take other advantages offered by LMA-5 like
bend insensitivity, endlessly single-mode operation, and others [8]. We conclude that
even if the LMA-5 and SMF have about the same NR, LMA-5 is preferable as it allows
the fabrication of smaller size hydrophones.
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Figure 5. Average NR as a Function of Acoustic Frequency for the HC-1550,
LMA-5, and SMF for Acoustic Pressure of 1 Pa
The main structural factors that are responsible for controlling NR of the PCFs are the
air-core diameter (d1), η, the number of hole rings in the honeycomb area, the thickness of
the silica outer cladding, and the coating material and thickness. In this study we
concentrate on the effect of d1, and η on NR of HC-1550 in two cases. It was expected
that d1 is the dominant factor that contribute to the high NR of the HC-PBF because it has
a large diameter (d1= 10.1 μm) that reduces the amount of silica in the structure. In both
case studies, the diameter of the honeycomb region is kept constant (d2 =70 μm). The first
case study is to keep η unchanged (η = 92%) and calculate NR for the original structure
with HC then by replacing the HC with SC. The second case is to change η to 60% and
calculate NR with HC then with SC. Figure 6 shows the simulation results of this study
where NR of HC-1550 as a function of the acoustic frequency for different
aforementioned air-filling ratios is plotted. It can be seen that for the same η, changing the
core from HC to SC only reduce the overall NR about 4 dB, while for the same core type
but changing η from 92% to 60%, NR is reduced 25 dB. This shows that the dominant
structural factor that has greater impact on NR of the PCFs is η than the type of the core.
Based on this study, we propose a mathematical relation between sensitivity to acoustic
pressure of the HC-PBF per unit pressure as a function of η, where S is related to NR by;
NRdB=SdB-20log(φ),where SdB=20log(S), and NRdB=20log(NR). Data is imported from
COMSOL to MATLAB and fitted by cubic polynomial as it showed minimum fitting
error with minimum equation terms. As a result, the following formula is obtained;
S  (1.1535  109 3  2.061 109 2 +
1.2393  109  2.4872  1010 )
This formula is useful for the design of HC-PBFs for acoustic pressure sensing.
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Figure 6. NR of HC-PBF as a Function of the Acoustic Frequency for
Different Air-Filling Ratios (HC) Indicates using the Same Structure with
Hollow-core, while (SC) Indicates using the Same Structure with Solid-Core

4. Conclusion
As a conclusion, the FES COMSOL multiphysics are used to study and compare the
sensitivity to acoustic pressure of HC-1550, LMA-5, and SMF. The proposed simulation
results shows that for the same applied acoustic pressure and frequency the sensitivity to
acoustic pressure of the HC-1550 is higher than that of LMA-5 and SMF by 23.5 dB and
22 dB, respectively. This is because of its air core and the high air-filling ratio in the
honeycomb area that allows the induced axial strain to increase and consequently, the NR.
Simulation results showed that despite the presence of the air-holes in the microstructure
region of the LMA-5, its sensitivity to acoustic pressure is lower than that of SMF by 1.5
dB. However, LMA-5 has other advantages make them preferable as it can be used to
fabricate smaller hydrophone size. We studied the effect of changing the air-filling ratio
of the HC-PBF on its NR. It was found out that as Λ increases, the amount of silica in the
honeycomb area increases that limits the axial strain and consequently, the NR decreases.
It was also shown that the dominant structural parameter that is responsible for controlling
NR of the HC-PBF is the air-filling ratio such that its change has a greater impact on NR
than the other factors. Finally, a mathematical formula describes the relation between S
and η is proposed.
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