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ABSTRACT Photonic bandgap fiber-optic gyroscope has excellent environment adaptability and shows
great prospect. The coupling between hollow-core photonic bandgap fiber coil and integrated-optic circuit
is a crucial technology in photonic bandgap fiber-optic gyroscope. A low-loss low-back-reflection method
for the coupling between a hollow-core photonic bandgap fiber and integrated-optic circuit is proposed.
The end-face of the hollow-core photonic bandgap fiber only needs to be flat-cleaved with a general fiber
cleaver. The optimal coupling angle is determined and experimentally verified to overcome the effect caused
by the air gap between angle-cleaved integrated-optic circuit and flat-cleaved hollow-core photonic bandgap
fiber end-face. Experimental results reveal that the coupling loss and back-reflection of the hollow-core
photonic bandgap fiber with the integrated-optic circuit are better than ~3.2 dB and ~—43 dB, respectively.
Compared with conventional butt coupling and fusion splicing, the coupling performance of the proposed
method is significantly improved, which can achieve low-loss, low-back-reflection, and high reliability.
The method provides a foundation for the coupling between hollow-core photonic bandgap fiber coil and
integrated-optic circuit in fiber optic gyroscope.

INDEX TERMS Gyroscopes, hollow-core photonic bandgap fibers, integrated-optic circuit, optical fiber

SENSors.

I. INTRODUCTION
The fiber optic gyroscope (FOQG) is an optical fiber rotation
sensor based on Sagnac effect [1]. Hollow-core photonic
bandgap fibers (HC-PBFs) exhibit extremely low environ-
mental sensitivity [2], which makes them promising for use in
fiber optic gyroscopes (FOGs). It has been demonstrated that
the nonlinear Kerr-induced phase drifts, thermally induced
Shupe error, and Faraday effect are substantially reduced
in a hollow-core photonic bandgap fiber-optic gyroscope
(HC-PBFOG) compared to those of the conventional
FOG [3]-[7].

The connection between HC-PBF coil and integrated-optic
circuit (IOC) is a key technology for the improvement
in HC-PBFOG performance, which requires low
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back-reflection, low loss, and high reliability at the splicing
point [8]-[10]. The first HC-PBFOG proposed by Stanford
University has employed butt coupling between HC-PBF
coil and pigtails of the IOC. The structure is very simple,
and has a coupling loss of ~2.7 dB at the butt coupling
junction [4]. However, it has low reliability, and the coupling
performance is prone to change over the full temperature
range. Xu et al. [8] have used fusion splicing between
HC-PBF coil and IOC pigtails in HC-PBFOG, in which both
HC-PBF coil and pigtails of the IOC were angle-cleaved
at ~8° to suppress back-reflection. However, the method
has led to problems such as a large splicing loss because of
collapse of air holes in HC-PBF in the vicinity of the splicing
joint and extremely low splicing strength due to the holey
structure of the HC-PBF. Moreover, the angle cleaving of
the HC-PBF has increased the complexity. Jung et al. [11]
have proposed a butt coupling method to interconnect SMF to
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HCEF-PBF using micro-optic collimator. The method achieves
high-quality coupling performance, but the structure is too
complicated and large for the FOG (the length is ~7 cm).
Therefore neither the butt coupling nor the fusion splicing
between the HC-PBF coil and IOC pigtails in HC-PBFOG are
perfect coupling methods. They cannot satisfy the practical
requirements of HC-PBFOG. It is actually the connection
between the HC-PBF and the traditional fiber whether by
butt coupling or fusion splicing, which would cause a variety
of non-reciprocity errors and they can be suppressed by
direct coupling between fiber coil and IOC [10], [12], [13].
Therefore, the direct coupling of HC-PBF and IOC is a key
technology that must be broken through for high-performance
HC-PBFOGs [14]. A direct coupling method of HC-PBF
with IOC has been proposed [15], in which there is no
air gap between HC-PBF and IOC, but it involves precise
angle-cleaving operation of the HC-PBF end-face and precise
polishing of the adapter attachment face that must be angled
at the same angle as the end-face of HC-PBF. Moreover,
the complicated process includes experimental determination
of the optimum angle, fabrication of the angle, and rein-
stalling of the HC-PBF and adapter.

In this study, we propose a simple and optimized method
for the coupling between HC-PBF and IOC based on those
previous works. The end-face of HC-PBF only needs to be
flat-cleaved with a general fiber cleaver without other opera-
tions such as special angle-cleaving or polishing. The optimal
coupling angle is determined and experimentally verified to
overcome the effect of the air gap between the flat-cleaved
HC-PBF and the angle-cleaved IOC. The samples can achieve
maximum loss and back-reflection of ~3.2 dB and ~—43 dB,
respectively. This coupling method provides a foundation for
the direct coupling between HC-PBF coil and IOC in the
future.

Il. THEORY AND SIMULATIONS

The schematic of coupling between HC-PBF and IOC is
illustrated in Fig. 1. The IOC is angle-cleaved to 6, =~10°
as traditional IOC to suppress back-reflection at the end-
face [10]. Considering that the end-face of HC-PBF cannot
be polished or processed with complex operations as the
conventional fiber owing to the existence of air holes, the
HC-PBF is only flat-cleaved with a general fiber cleaver,
which is easily implemented in practice. The flat-cleaved
HC-PBF is coupled with the angle-cleaved IOC at a specific
coupling angle (9) which is defined as the angle between the
HC-PBF center axis and normal of the IOC end-face. As a
result, as shown in Fig. 1, an air gap (A) must exist between
the end-face of IOC and HC-PBF, which includes A = R-
cot 0 and additional gap A,, where R is radius of the HC-PBF
cladding. This air gap causes the light to diverge before enter-
ing the hollow core of HC-PBF from IOC or entering I0OC
from HC-PBEF, thus decreasing coupling efficiency. However,
the coupling angle () can be optimized to reduce the effect of
the air gap and obtain as low loss as possible for the coupling
point.
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FIGURE 1. Schematic of the coupling of HC-PBF with 10C (The schematic
only shows the light coupled to HC-PBF from 10C). The flat-cleaved
HC-PBF is coupled with the angle-cleaved 10C at a specific coupling
angle (9) and air gap (A). The beam refracts at the end-face of 10C and
quickly expands upon traveling through the air gap (A).

A. BACK-REFLECTION SUPPRESSION

As shown in Fig. 1, the back-reflection in the coupling
between HC-PBF and IOC originates from the end-face of
HC-PBF and IOC. The back-reflection (~—80 dB) origi-
nated from the end-face of HC-PBF can be theoretically
neglected [16], which is a considerable advantage and unique
characteristic of the HC-PBF. The back-reflection originated
from IOC end-face is suppressed by traditional cleaving and
polishing at 6. =~10° [10]. Therefore, the back-reflection is
not a problem in the schematic.

B. COUPLING LOSS REDUCTION

The coupling loss includes three parts, mode mismatch,
Fresnel reflection, and misalignment losses [17]. The mode
field characteristics of HC-PBF and IOC are measured
by a camera-based beam profiler system. The seven-cell
HC-PBF (Fig. 2(a)) used in this study has a circle mode
(® ~9 um at 1550 nm), as illustrated in Fig. 2(b). The mode
of the IOC is an ellipse (~8.5 um x ~6.5 um at 1550 nm),
as shown in Fig. 2(c). The mode mismatch loss calculated by
overlap integral is only ~0.45 dB [18], and thus it is not the
main part. The Fresnel reflection loss calculated by reflectiv-
ity is only ~0.71 dB and thus can also be neglected [10].

1

(a) The HC-PBF

cross section (b) HC-PBF

(¢) I0C

FIGURE 2. (a) Scanning electron microscopy image of the cross section of
the HC-PBF. Test results for the mode fields of the (b) HC-PBF and (c) 10C.

The misalignment loss originates as the end-face is not
perfectly aligned when the HC-PBF is coupled to the IOC,
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which is the most important source of the coupling loss.
The angle-cleaved IOC can effectively suppress the back-
reflection, but causes beam refraction at the end-face of
the IOC. HC-PBF is inherently a multi-mode fiber. When
it is coupled with IOC, mode mismatch and misalignment
will not only produce coupling loss, but also excite unwanted
higher-order modes in the HC-PBF. In order to suppress the
excitation of higher-order modes and improve the coupling
efficiency between the fundamental modes of the HC-PBF
and IOC, the mode mismatch and the coupling misalignment
should be minimized. The IOC has a mode field profile
similar to the HC-PBF (Fig. 2(b) and (c)), and the calcu-
lated mode mismatch loss is only ~0.45 dB. The structure
and mode field characteristics of the IOC used in a FOG
make it unsuitable for using mode field adapter (such as
graded-index fiber [19] and micro-lens [11]) to achieve mode
field matching with HC-PBF. For the coupling between I0C
and HC-PBF, adding a mode field adapter will increase the
coupling loss (the connection between the IOC and the mode
field adapter will cause Fresnel reflection and misalignment
losses). Therefore, the most effective measure to reduce cou-
pling loss and suppress higher-order mode excitation is to
minimize the misalignment.

To reduce the misalignment loss while suppressing exci-
tation of higher-order modes, the beam should be incident
ideally along the center axis of the HC-PBF. The trans-
mission direction of the refracted light can be calculated
based on the Snell’s law to determine the coupling angle (9).
However, the air gap (A) increases the coupling loss because
the optical mode emerging from the IOC or the HC-PBF
quickly expands upon traveling through the air gap, as
illustrated in Fig. 1. A larger air gap A implies a larger
mode field divergence. Thus, the end-face of HC-PBF
should be as close to the end-face of IOC as possible,
i.e., Ay is better to be 0. Moreover, the coupling angle 6
should be optimized to guarantee both reduction of the air
gap (A1) and successful acceptance of the light for HC-PBF
or IOC.

To obtain the maximum coupling efficiency, it is nec-
essary to comprehensively consider the alignment devia-
tion and mode field divergence to determine the optimal
coupling angle 6. According to the schematic in Fig. 1,
a three-dimensional model of the coupling between IOC and
HC-PBF is given in Fig. 3. The beam propagation method
is used to simulate the light transmission, and the coupling
efficiency for different coupling angles 6 and different air
gaps Aj are calculated. As shown in Fig. 4(a), the maxi-
mum efficiency of coupling from IOC to HC-PBF reaches
~87.26% when the coupling angle 0 is ~15° and the air
gap Aj is 0 um, which corresponds to a loss of ~0.6 dB;
the maximum efficiency of coupling from HC-PBF to 10C
reaches ~58.73% when the coupling angle 0 is ~20° and the
air gap A, is 0 um, which corresponds to a loss of ~2.3 dB.
Considering that both coupling directions simultaneously
exist for a FOG, the total bidirectional coupling efficiency has
the maximum value (~47.32%) when the coupling angle (6)
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FIGURE 3. Model of the coupling of the flat-cleaved HC-PBF with the
angle-cleaved 10C (The model only shows the light coupled to HC-PBF
from 10C).

and air gap (Aj) are ~18.7° and 0 um, respectively, which
corresponds to a loss of ~3.2 dB, as shown by the red curve
in Fig. 4(a). In practice, it is difficult for the fiber end-face
to be just attached to the IOC and make the air gap A
equal zero. The simulation results in Fig. 4(b) reveal that the
bidirectional coupling efficiency almost linearly decreases as
the increase of A, with a slope of ~—0.07 dB/um, which is
very small and thus reduces the requirement for longitudinal
alignment accuracy.

In fact, HC-PBF is a multi-mode fiber, so the transitional
process of modes in the HC-PBF and IOC during the coupling
is simulated with beam propagation method. As shown in
Fig. 5(a), when the light transmitted in the HC-PBF is coupled
to the IOC, a large number of higher-order modes are imme-
diately excited, but these higher-order modes are attenuated
rapidly when they transmit in the IOC, and ultimately only the
fundamental mode remains. Correspondingly, when the light
transmitted in the [OC is coupled to the HC-PBF, higher-order
modes are also excited in the HC-PBF, and most of them are
attenuated and lost during transmission, as shown in Fig. 5(b).
Simulation results show that reducing the misalignment can
effectively suppress the excitation of higher-order modes in
the HC-PBF, and coupling of the light from HC-PBF to
IOC can better reveal the coupling between the fundamental
modes.

Ill. EXPERIMENT AND RESULTS

An experiment setup is established to determine the coupling
angle 6 and verify the simulation results, as shown in Fig. 6.
The amplified spontaneous emission (ASE) broad-band light
is coupled into the IOC pigtail. A 10°-polished IOC is placed
on a three-axis displacement stage (X, Y, Z) to precisely
adjust the additional gap A,. A seven-cell HC-PBF (Fig. 2(a))
having a flat end-face obtained with an ordinary cleaver is
placed on a two-axis rotation stage (pitch and yaw) to pre-
cisely adjust the coupling angle 8. The length of the HC-PBF
is ~2 m.
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FIGURE 4. Simulation of the coupling efficiency. The maximum total bidirectional efficiency of coupling from HC-PBF to 10C and
10C to HC-PBF reaches ~47.32% when the coupling angle ¢ is ~18.7° and the air gap A, is 0 um (red curve).
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FIGURE 5. The transitional process of modes during coupling of HC-PBF with 10C.

A. VERIFICATION AND DETERMINATION OF COUPLING
ANGLE

The misalignment between HC-PBF and IOC does not only
increase the coupling loss, but also cause the higher-order
modes to be excited in the HC-PBF. Therefore, the coupling
angle should be optimized to minimize the misalignment
and improve the coupling efficiency of fundamental modes
between HC-PBF and IOC. First, we investigate the influ-
ence of the coupling angle 6 on the efficiency of coupling
from IOC to HC-PBF. The mode of the IOC output is only
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the fundamental mode. The flat end-face of the HC-PBF is
coupled to the circuit at different coupling angles by adjusting
the two-axis rotation stage. The HC-PBF should be as close
as possible to the IOC to obtain an air gap A close to 0 dur-
ing the coupling by adjusting the three-axis displacement
stage. Most of the higher-order modes excited in the HC-PBF
are attenuated and lost after they transmit through the
~2-m fiber, but a few higher-order modes remain. The out-
put optical power of the HC-PBF including the fundamental
mode and remaining higher-order modes is monitored in real
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FIGURE 6. Experiment setup for the determination of the coupling
angle ¢ (The setup only shows the light coupled to HC-PBF from 10C).

time by power meter (AV6334) to determine the coupling effi-
ciency. Therefore, the coupling loss for this direction reflects
the coupling efficiency between fundamental mode of the
IOC and modes (fundamental mode and some higher-order
modes) of the HC-PBF. The experimental results are shown
by the blue curve in Fig. 7, which reveal that the coupling
efficiency is maximum when the coupling angle is ~18°.
Second, we investigate the optimal coupling angle for the
opposite coupling direction, i.e., when the light is coupled
from HC-PBF to IOC. The experimental results are presented
by the black curve in Fig. 7, which shows that the coupling
efficiency has the maximum value when the coupling angle
is ~20°. The distribution of the output mode field of the
HC-PBF is measured by a camera-based beam profiler sys-
tem, which proves that the output of HC-PBF is basically
only the fundamental mode, as shown in Fig. 2(b). The output
mode of the IOC is also only the fundamental mode, so the
coupling for this direction reveals the coupling efficiency
of fundamental modes between HC-PBF with IOC. Conse-
quently, we can use the coupling efficiency when the light
is coupled from HC-PBF to IOC to characterize the loss
performance of the method.

¢ Coupling from I0OC to HC-PBF
o Coupling from HC-PBF to IOC|§
¢ Bidirectional Coupling

Coupling efficiency
S S =
[ ) =

e

15 16 17 18 19 20 21 22 23
Coupling angle 0 (°)

FIGURE 7. Experimentally determined coupling efficiency at different
coupling angles 6. The bidirectional coupling efficiency (red curve) has
the maximum value of 22.29% when the coupling angle is ~19°.

As shown by the red curve in Fig. 7, the total coupling effi-
ciency for both directions has the maximum value of 22.29%
which corresponds to a loss of ~6.5 dB when the coupling
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angle is ~19°. The experimental results agree well with the
simulation results. In addition, the small slope of the red curve
around 19° indicates a larger misalignment tolerance for the
coupling angle around 19°. The calculated 1 dB penalty
misalignment tolerance is ~ =2° for the coupling angle
around 19°. Consequently, the angular requirements for the
attachment face of the fiber adapter and its mounting can be
significantly reduced, which is very important in practice.

B. PERFORMANCE OF THE PROTOTYPES AND
DISCUSSION

Based on the schematic and analysis mentioned above, the
flat-cleaved HC-PBF is fixed with a special adapter which
is bonded to the 10°-cleaved IOC and makes the coupling
angle equal ~19°. The material of the adapter used to fix the
coupling point is lithium-niobate, which is the same as the
material of the IOC and important for the stable performance
over full temperature range. Ten prototypes are fabricated,
as shown in Fig. 8. The maximum coupling loss from I0C
to HC-PBF is ~2.95 dB, and the loss from HC-PBF to IOC
is ~3.32 dB, as shown in Fig. 9(a). As mentioned above,
the coupling loss from HC-PBF to IOC can better character-
ize the coupling efficiency between fundamental modes of the
HC-PBF and the IOC. The coupling between HC-PBF and
IOC has non-reciprocal loss, mainly because higher-order
modes are excited in the HC-PBF when the light is coupled
from IOC to HC-PBF [20], [21]. The main reason for the
excitation of higher-order modes in HC-PBF may be that the
mode expands upon traveling through the air gap (A) which
increases the mode mismatch between IOC and HC-PBFE.
In fact, the flat-cleaving method brings simplicity and conve-
nience as compared to [15], but the induced air-gap between
HC-PBF and IOC causes mode field divergence and increases
the mode mismatch. As a result, higher-order modes will
be excited in the fiber due to mode field mismatch, and the
output modal content of the HC-PBF obtained by the optical
coherence domain polarimeter shows that the output modes
contain a higher-order mode (LP11), and its power is ~5% of
the power of fundamental mode, so the coupling loss between
the fundamental modes when the light is coupled from IOC

FIGURE 8. Prototype of the coupling of flat-cleaved HC-PBF with
angle-cleaved 10C.
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FIGURE 9. Test results for the prototypes.

to HC-PBF is ~3.16 dB after the higher-order modes are
considered, which is close to the loss from HC-PBF to I0C
(~3.32 dB). However, these higher-order modes will be atten-
uated and lost after transmitting hundreds, even thousands
of meters of HC-PBF in the fiber coil (the attenuation of
LP;; mode is calculated in COMSOL to be ~90 dB/km at
1550 nm), thus having little effect on the performance of the
FOG. The maximum back-reflection for the direction from
IOC to HC-PBF is ~—51 dB, which is slightly larger than the
back-reflection performance (~60 dB) for traditional fiber
and IOC [10], possibly as the other side of the IOC end-face is
not SiO» but air, and residual reflection on the IOC end-face is
stronger. The maximum back-reflection for the direction from
HC-PBF to IOC is ~—43 dB. In fact, this experimental result
is a little far from the theoretical expectation (~—80 dB) [16],
which may be caused by stray light caused by divergent
light’s scattering on the imperfect end-face of IOC, but it is
sufficient for the application in a FOG [10].

IV. CONCLUSION

In summary, we proposed a simple and practical method for
low-loss low-back-reflection coupling of HC-PBF with IOC.
The end-face of the HC-PBF only needed to be flat-cleaved
with a general fiber cleaver without other complex operations
such as polishing or special angle-cleaving. The optimal
coupling angle of ~18.7° was determined and experimen-
tally verified to overcome the effect of the air gap between
flat-cleaved HC-PBF and 10°-cleaved IOC. What is more,
1 dB penalty misalignment tolerance is ~ =£2° for the cou-
pling angle around the optimal coupling angle, which reduced
the requirements for coupling accuracy and the difficulty of
alignment. The experimental results demonstrated that the
coupling loss between the fundamental modes was better
than ~3.2 dB, and back-reflection of HC-PBF with IOC was
better than ~—43 dB.
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This method can be used for other types of hollow-core
fibers, such as polarization-maintaining hollow-core fibers,
where it is required to only replace the two-axis rotation
stage (pitch and yaw) to a three-axis stage (pitch, yaw, and
roll), so that the alignment of the polarization axis can be
achieved. Therefore, this study provides a foundation for the
direct coupling of HC-PBF coil to IOC in HC-PBFOG, which
will be our aim in the future.
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