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Abstract—Hollow core photonic bandgap fiber (HC-PBGF) has
potential in the application of fiber optics gyroscopes (FOGs) for
its properties of low nonlinearity, and excellent environmental
adaptability. However, due to the structural complexity, the HC-
PBGF is prone to defects during fabrication process, which will
cause degradation of longitude uniformity and optical properties
of fiber. The longitudinal non-uniformity of the structure limits the
preparation length of HC-PBGF, while high-precision FOGs need
to be made with long-distance and high-performance fibers. To
facilitate the application of HC-PBGF in high-precision FOG, we
studied the instability factors encountered in the fabrication pro-
cess of polarization-maintaining (PM) HC-PBGF and the induced
structural defects, including the fiber core, core-side hole, and fiber
diameter defects. According to analyzing the optical performance
variation to structural deformation rate, we conducted that the
diameter defect has the greatest impact on the fiber properties,
while the core-side hole defect has the weakest impact. Based on
the fluctuations of optical performance, we revealed the structural
deviation tolerance of PM HC-PBGF and provided theoretical
reference for fiber fabrication.

Index Terms—Hollow-core photonic bandgap fiber, longitude
uniformity, high-precision FOGs, long-distance, structural defects.
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I. INTRODUCTION

W ITH the development of inertial navigation technique,
high-performance gyroscopes are widely used in air-

craft, missiles, satellite navigation and attitude control [1], [2],
[3], [4], [5]. The fiber optic gyroscopes (FOGs) have become
the preferred solution for the autonomous navigation due to
the advantages of high reliability, large dynamic range, small
size, light weight, and easy mass production. The FOGs are
moving towards to the direction of high-precision. However, the
current panda polarization-maintaining (PM) fiber used in FOGs
exhibit deleterious effects, including the Kerr effect [6], Faraday
effect [7], and Shupe effects [8], [9]. The noises generated by
these effects will degrade the performance of FOGs and limit
its high-precision development. Researchers continue to explore
ways to improve the performance of FOGs. Among these, hollow
core photonic bandgap fibers (HC-PBGF) have aroused great
interest. In HC-PBGF, signal propagates in air-core, which
shows the superior properties compared with that propagates
in panda PM fiber. An important property of HC-PBGF is the
extremely low thermal sensitivity [10], which can be further
reduced by fiber design [11]. The low thermal sensitivity of
HC-PBGF shows potential to improve temperature stability of
FOGs. Experiments proves that the Shupe effect of FOGs with
HC-PBGF are 3–7 times lower than Panda PM fiber [12], [13]. In
addition, HC-PBGF also show the dramatically low nonlinearity
effect and magnetic sensitivity [14]. Such a combination of
advantages of HC-PBGF makes it an exciting ideal candidate
for FOGs.

According to Sagnac effect [15], the long fiber loop is benefi-
cial for improving the precision of FOGs, which requires optical
fibers to have both long distance and high performance. How-
ever, due to the structural complexity, HC-PBGF is affected by
the instability factors during its long-distance fabrication process
and prone to structural defects [16]. Previous study shows that
the structural defects of HC-PBGF leads to the degradation of
fiber longitude uniformity and fiber loss [17], [18], [19]. The
problem of long-distance fabrication of HC-PBGF restricts its
application to high-precision FOG, and therefore, reducing the
structural defects of is a key issue.

In this work, according to structural design, a polarization-
maintaining hollow-core photonic bandgap fiber (PM HC-
PBGF) with low loss and thermal sensitivity was studied to meet
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Fig. 1. Transverse geometry of PM HC-PBGF.

the application of FOG. Based on the long-distance requirement,
we systematically investigated the instability factors and struc-
tural defects of PM HC-PBGF that emerged during the fabrica-
tion process, including fiber core defects, core-side hole defects
and fiber diameter defects. By analyzing the optical performance
drift as a function of structural deformation rate, we revealed the
geometrical deviation tolerance of PM HC-PBGF. This work
provides theoretical argument for influence of structural defects
on optical properties and reference for fiber fabrication.

II. THE STRUCTURE AND FUNDAMENTAL PROPERTIES OF

HC-PBGF

A. Fiber Structure

For the application of FOG, a kind of polarization-maintaining
fiber is studied here, and the fiber has a 9-cell rhombic core,
which was studied in our previous work [20], shown in Fig.1. The
birefringence is originated from the core diameter asymmetry
along the two orthogonal axes. The rhombic core fiber was firstly
fabricated into 4-cell fiber by removing 4 capillaries in the center
of preform [21]. If the 9 capillaries are removed from preform,
the fiber will be enlarged to make the 9-cell fiber. The fiber
discussed here has a comparable large-core which is beneficial
for reducing its loss [22]. Several parameters are used to describe
the fiber structures. Cladding is composed of periodic rounded
hexagons [23] with an air pore diameter d and the lattice spacing
Λ = 4.49 μm; the pore fillet radius of the cladding and first
cladding ring are R1 = 0.23Λ and R2 = 0.11Λ, respectively. The
core wall thickness is half the cladding wall thickness t, which
is beneficial for reducing the normalized interface field intensity
and cladding mode power, thereby alleviating surface scattering
and reducing fiber loss [22], [24]. The coating thickness is tcoat.
The optical properties of HC-PBGF are largely related to the
cladding air-filling fraction f which is defined as [23]:
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2
√
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)(
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The cladding air-filling fraction f is related to Λ, d, and R1.
To unify the variables, we fixed Λ and R1, thus, f is only related
to d. To study the fiber optical performance variation trend to
fiber structure, f, d/Λ is evaluated at 0.97, 0.975, 0.98 and 0.985.

Fig. 2. Confinement Loss (CL) curves of fibers with diverse d/Λ.

Fig. 3. Birefringence curves of PM HC-PBGF with diverse d/Λ.

B. Fundamental Properties

1) Confinement Loss: The finite element calculation method
was applied to calculate the effective refractive index neff incor-
porating the perfect matching layer boundary conditions. The
confinement loss (CL) was obtained by a secondary calculation
via the imaginary part of neff of the fundamental mode [25].
The CL is the basic indicator for evaluating the rationality
of structural design, which is an important optical property,
therefore, we only consider the CL here. The fiber attenuation
of the fundamental mode (FM) as a function of the geometry
parameter d/Λ was shown in Fig. 2. Blue shift of the center
wavelength occurred as d/Λ expands, which was consistent with
the literature [23]. The fiber had a minimum CL of 0.029 dB/km
in 1550 nm when the d/Λ = 0.98.

2) Birefringence: The difference between the real parts of
neff of the two polarized FMs indicates birefringence, which
can be calculated using following equation.

B = |Re(neffx − neffy)| (2)

Fig. 3 showed the birefringence curves of the fibers. It could
be inferred that there was a trade-off between the CL and
birefringence, because the two parameters exhibited a negative
correlation. Although the birefringence of fiber with d/Λ= 0.98
was only 4.15 × 10−5 at 1550 nm, the PM property was still
obvious. There was a practical example of HC-PBGF used in
FOG, and its birefringence value of HC-PBGF was measured to
be 6× 10−5 [26], which was comparable to that of the fiber here.
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This shows that the HC-PBGF with birefringence of ×10−5 can
meet the requirement of polarization-maintenance.

In this paper, the thermal coefficient of delay (TCD) was
employed to describe the fiber thermal sensitivity. Fiber TCD
with different structural parameters were obtained using the
following equation [11]:

TCD = εzz
∂β

∂ω
− αλD +

∂

∂ω

(
Δn

ΔT

k20
β
nglassη (λ)

)
(3)

where ω was angular velocity, nglass was the refractive index of
glass, and η(λ) was the fraction of mode power carried in glass,α
was the power-weighted average coefficient of expansion, and
Δn
ΔT was the power-weighted average refractive index change
with temperature. εzz was the elongation strain coefficient ob-
tained by the area-weighted product of Young’s modulus and
thermal expansion coefficient [12].

Fig. 4(a) showed the TCD curves under different d/Λ val-
ues, which shift to shorter wavelengths substantially as d/Λ
increased, consistent with the bandgap. Consequently, the TCD
value at a fixed wavelength could be tuned by choosing the
proper parameter d/Λ. Compared with other geometries, the fiber
with d/Λ = 0.98 had TCD values closest to 0 ps/km/K at 1550
nm; therefore, we selected HC-PBGF with this structural param-
eter as the target for the next step of the analysis. Fiber coating
is an organic material with a high thermal expansion coefficient,
which attached on the surface of bare fiber. The predominant
thermal response of coating to fibers is apparent elongation
[12], which improves the TCD value. Fig. 4(b) showed the TCD
curves of the fibers with a series of coating thicknesses when d/Λ
= 0.98 (coating thickness was represented by coating diameter
Dcoat). As expected, the large thermal expansion rate of the
coating results in the longitudinal elongation of the fiber, thereby
causing additional thermal delay. As observed in the calculation
results, the PM HC-PBGF achieved an ultra-low TCD value of
0.0016 ps/km/K at 1550 nm when Dcoat = 113.6 μm.

III. STRUCTURAL DEFECTS

PM HC-PBGF is fabricated via a two-stage stack-and-draw
technique, which includes preform drawing to the cane and cane
drawing to the fiber. High-quality PM HC-PBGF requires strict
preparation conditions. Any instability will cause longitudinal
defects in the fiber. The instabilities include air pressure jitter
and non-uniformity of the cane. In this study, the optical fiber
structural defects caused by their instabilities and the influence
on optical properties were studied, revealing structural deforma-
tion tolerance of PM HC-PBGF.

A. Core Defect

In fiber drawing process, different air pressures are applied
to the core and cladding to maintain the shape of the air hole.
However, the core is larger in size and more prone to deformation
than the cladding hole; therefore, the core shape is more suscep-
tible to air pressure fluctuations. The original size of the core is
around Dc = 13.3 μm. We studied the core defect according to
its deformation from −3%Dc to 3%Dc, and Fig. 5(a) shows a
schematic diagram of this case. Fig. 5(b) shows the CL of the

Fig. 4. (a) TCD curves of PM-HC-PBGF with different d/Λ. (b) TCD curve
in different coating thickness of PM HC-PBGF.

deformed fibers. As the core size gradually increased, a slight
blue shift of the bandgap occurred, and thus the fluctuation of CL
at 1550 nm was small. As the bandgap moved, the birefringence
changed significantly, as shown in Fig. 5(c).

The deformed core from −3%Dc to 3%Dc resulted in bire-
fringence change of approximately 1 × 10−4 at 1550 nm. Like
birefringence, the TCD curve blue shifted as the core size
increased, shown in Fig. 5(d), which resulted in an obvious
change of TCD from 0.76 to −1.34 ps/km/K at 1550 nm. Note
that the TCD of fiber here was obtained with coating attached,
and Dcoat = 113.6 μm.

B. Core-Side Hole Defect

During the cane fabrication process, the cladding hole is prone
to defects which evolves more obviously after pre-pared into an
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Fig. 5. (a) Core deformation (b) CL curves of HC-PBGF for different core
deformations (c) Birefringence curves for HC-PBGF in different core deforma-
tions (d) TCD curves of HC-PBGF for different core deformations.

optical fiber. The first cladding ring layer of the fiber has the
greatest impact on signal transmission, so we only discuss the
cladding defects caused by it in this study, that is, the deformation
of the core-side hole diameter Ds. Fig. 6(a) showed a schematic
diagram of this case, and the size deformation of the core-side

Fig. 6. (a) Core-side hole deformation (b) CL curves of HC-PBGF with core-
side hole deformations (c) Birefringence curves of HC-PBGF with different
core-side hole deformations (d) TCD curves of HC-PBGF with different core-
side hole deformations.

holes evaluated in this study changed from −3%Ds to 3%Ds.
The adjacent structures of the core-side holes, including the
core and cladding holes, also underwent corresponding defor-
mations. Fig. 6(b) depicted the CL curves under the deformed
core-side hole, and it could be seen that the bandgap was almost
unchanged. As the core-side hole deformation changed from
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−3%Ds to 3%Ds, the birefringence curve red shifted, as shown
in Fig. 6(c). This resulted in an increase in the birefringence of
approximately 1 × 10−5 at 1550 nm. Fig. 6(d) showed the TCD
of the deformed fibers, and it could be seen that the change in
the TCD curve was also very small, similar to the change of the
bandgap curve. Note that the TCD of fiber here was obtained
with coating attached, and Dcoat = 113.6 μm.

C. Fiber Diameter Defect

Except for the core-side hole defect, the diameter of the cane
is also prone to longitudinal non-uniformity, which is amplified
in the fiber drawing step. The diameter defect in this study
is the diameter deformation from −3%D to 3%D; Fig. 7(a)
was a schematic diagram of this case. As the fiber diameter
increased, the entire microstructure, including periodic lattice
spacing, was proportionally scaled up, so the bandgap curve red
shifts significantly. This resulted in the CL of the optical fiber
decreased from 0.2 dB/km to 0.01 dB/km at 1550 nm. Similarly,
the birefringence and TCD also changed obviously, shown in
Fig. 7(c) and (d). The birefringence changed from 5.4 × 10−6

to 7.14 × 10−5 at 1550 nm and the fiber TCD changed from
−2.5 ps/km/K to 1.22 ps/km/K as fiber diameter increased from
−3%D to 3%D. Therefore, defects in fiber diameter had the
greatest influences on optical performance. Note that the TCD
of fiber here was obtained with coating attached, and Dcoat
varied proportionally with fiber diameter.

Different defects have different effects on optical properties,
and we made an analogy of the changes in optical properties
caused by these defect types. The deformation rate of the fiber
core size Dc, core-side hole size Ds, and fiber diameter D
ranged from −3% to 3%, and the wavelength discussed here
was selected as 1550 nm.

Fig. 8(a) showed the CL variation of the fiber under different
defects. The fiber diameter had the greatest impact on the CL un-
der the same deformation rate, which was one order of magnitude
higher than other deformations because of the equal proportional
change in the periodic lattice. Fig. 8(b) showed the birefringence
change in the fibers under different defects at 1550 nm. The
birefringence of the PM HC-PBGF was dependent on the core
structure, and thus, the core defect had the most obvious influ-
ence on it. In the original HC-PBGF Birefringence-Wavelength
curve, shown in Fig. 5(b), there exists a minimum value point
near which the propagation constants of the polarization modes
X and Y are very close. However, for different waveguide
structures, the position of the minimum value point is also differ-
ent. When the core deformation is 2%, the minimum value point
of birefringence is closest to 1550 nm, in which the birefringence
of the fiber is the smallest. Under other core deformation rates,
the minimum point of birefringence gradually moves away from
the 1550 nm, in which birefringence increases. Therefore, there
may be a turning point in the Birefringence-Deformation rate
curve. This theory is also applicable to the birefringence change
curve caused by fiber diameter deformation. When the core
deformation rate changed from −3% to 3%, the maximum
birefringence change reaches 1 × 10−4. At the same time, the
birefringence also moved with the bandgap curve; therefore, the

Fig. 7. (a) Diameter deformation. (b) Attenuation curves of HC-PBGF with
different diameter deformations. (c) Birefringence curves of HC-PBGF with
different diameter deformations. (d) TCD curves of HC-PBGF with different
diameter deformations.

fiber diameter defect also affected birefringence. The effect of
the core-side hole defect on the birefringence was the smallest,
which was about 1 × 10−5. Fig. 8(c) showed the TCD change
in the fiber under different defects. The TCD of the fiber also
moved with the bandgap to a large extent, hence, it was most
affected by the fiber diameter defect and had the largest change
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Fig. 8. (a) Fiber attenuation under different structural deformations at 1550
nm. (b) Fiber birefringence under different structural deformations at 1550 nm.
(c) Fiber TCD under different structural deformations at 1550 nm.

TABLE I
OPTICAL FIBER PERFORMANCE UNDER DIFFERENT DEFECTS

of 3.72 ps/km/K. In addition, core defects caused changes in
the mode propagation constants, leading to fluctuations in the
signal delay times, further affecting the TCD. The effect of
the core-side hole defect on the TCD was negligible, and was
two orders of magnitude smaller than that of the core and fiber
diameter defects. Table I showed the CL, birefringence and TCD
values of the fibers with different defects and deformations. To
maintain the stability of the optical properties of the fiber, the
fiber diameter and core structure defects must be as small as
possible.

IV. CONCLUSION

In this study, a kind of PM HC-PBGF was studied. By tuning
the microstructure, an ultra-low loss fiber was obtained, which
had CL and birefringence of 0.029 dB/km and 4.15 × 10−5 at
1550 nm, respectively. For improving temperature stability of
FOG, the microstructure and coating of HC-PBGF are further
designed to have ultra-low thermal sensitivity, and the TCD is
close to 0 ps/km/K. To promote long-distance application of
PM HC-PBGF in high-precision FOGs, the instabilities induced
fiber structural defects in the fabrication process was inves-
tigated, including the core defects, the core-side hole defects
and diameter defects. When the deformation rate changed from
−3% to 3%, the fiber diameter defect had the greatest impact
on the optical performance, with changes in CL, birefringence,
and TCD of 0.19 dB/km, 6.59 × 10−5, and 3.72 ps/km/K,
respectively. This is because of the proportional change in the
lattice structure and the resulting significant bandgap shift. In ad-
dition, the influence of fiber core defect on the birefringence and
TCD was also obvious, because the signal propagation constant
mainly depends on the core shape. Under the same deformation
rate, the core-side hole had the weakest influence on the optical
properties, and its resulted fluctuation of optical performance
was one or two orders of magnitude smaller than other defects.
Therefore, to maintain the stability of the optical performance,
the core shape and fiber diameter defects should be kept as
small as possible. The study of the defect tolerant characteristics
provides theoretical reference for the long-distance fabrication
of PM HC-PBGF for high-precision FOGs applications.
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