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Abstract—It has attracted the attention of researchers to
use photonic crystal fiber (PCF) in the fiber optic gyroscopes
(FOG) because of its unique features: radiation insensitivity,
high thermal stability, good polarization maintaining ability
and low bending loss. In this paper, a PCF-based fiber ring
resonator (FRR) as the key sensing component in resonant FOG
(RFOG) is experimentally fabricated. The FRR is composed
of 10.8 meter long highly birefringent PCF and a traditional
polarization maintaining (PM) coupler with PANDA-type pigtail
fiber. The resonating characteristics of PCF-based FRR are
experimentally tested and as compared with the conventional
PM PANDA-type FRR. It is shown that the finesse of PCF-
based FRR is about 14. The impacts of structural parameters
on the finesse of the PCF-based FRR are also theoretically
analyzed. Moreover, the factors that influent the shot-noise
limited sensitivity (SLS) of RFOG are numerically discussed. It
is of great significance to optimize the structural parameters of
FRR and the application of photonic crystal fiber in RFOG.

Index Terms—Photonic crystal fiber; high birefringence;
resonant fiber optic gyroscope; limited sensitivity.

I. INTRODUCTION

THE RFOG, also called freqency-sensitive fiber ring
gyros, is an type of all-solid-state inertial rotation sensor

based on the Sagnac effect [1], [2]. The operating principle
of this sensor is that the rotation rate Ω perpendicular
to the rotating plane of the FRR is proportional to the
resonant frequency difference ∆F between the clockwise
and counterclockwise beams of the cavity. In a comparison to
the phase-sensitive interferometric fiber optic gyro (IFOG),
the frequency-sensitive RFOG has the advantage of a much
larger scale factor as the conventional ring laser gyro but
avoids the lock-in problem [3]. More importantly, the scale
factor of the RFOG does not depend on the length of the
fiber coil as does the scale factor of the IFOGs, and the
RFOG can achieve the same accuracy by using shorter fiber
and has the advantage of small volume [4]. Therefore, it has
great potential in high precision and miniaturization in the
future, and thus it attracts the interest of a large number of
researchers. However, the optical noise in the FRR greatly
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limits its accuracy and performance far beyond the theoretical
SLS, and slows down its process of the practical application.
Polarization fluctuation and backscattering are considered as
the main noise sources that deteriorate the performance of
RFOG [5], [6]. In order to cope with the aforementioned
noises in the RFOG, various suppression methods, such as
changing the FRR construction integrating in-line polarizers
with twin 90 polarization-axis rotated splices [6] and carrier
suppression technique [7], are proposed. However, these
countermeasures undoubtedly increase the complexity of the
system to a certain extent.

The FRR as the core sensing component plays an impor-
tant rule in the RFOG, and directly affects or determines
the accuracy of the detecting system. PCFs, characterized
with air holes arranged along with the fiber length, provides
us with a brand new research direction to overcome the
optical noise from the root. According to the operating
mechanism, the PCF can be divided into two kinds [8],
[9]: the total internal reflection PCF (TIR-PCF) and the air-
core photonic bandgap fiber (PBF). The PBF guides light to
propagate along the fiber in the air medium on account of
the photonic bandgap effect, which signifies that it possesses
the advantages of better temperature stability, lower Kerr
effect and Rayleigh backscattering [10], [11]. However, if
the PBF is directly fused connecting with the conventional
PM solid-core coupler, the strong Fresnel reflection and
great splicing loss will be induced at junctions, which will
seriously deteriorate the performance of RFOG [12], [13].
Relatively speaking, the fabrication and welding technology
of TIR-PCF is mature at the moment, and is qualified for the
RFOG application. Compared with the traditional PM fiber,
the TIR-PCF possesses unique characteristics, such as radi-
ation insensitivity, high thermal stability, good polarization
maintaining ability, and low bending loss, so it shows great
application value in the field of FOGs [14].

In recent years, the PCF-based RFOG has become a hot
research topic and attracts the attention of researchers. In
References [15], [16], researchers experimentally investi-
gated the temperature dependence of birefringence in the
PM TIR-PCF, and verified that the birefringence variation
due to temperature change was far smaller than that of the
traditional PANDA PMF, which meant that the use of TIR-
PCF in RFOG was beneficial to suppress the polarization
fluctuations caused by the temperature change. Ying et al
[17] theoretically analyzed the sensitivity of the FRR made
of an air-core photonic-bandgap fiber (PBF). Yang et al
[18] numerically analyzed the temperature effect in the TIR-
PCF FRR, and the result also showed that the sensitivity to
temperature of TIR-PCF was much lower than that of the
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conventional fiber. In References [19], [20], the sensitivities
of RFOGs, equipped with TIR-PCF, PBF and PANDA fiber,
were analyzed and compared in theory, and the simulation
results showed that FRRs using the TIR-PCF and PBF had
better resonant depth than that of using PMF as well as had n-
early the same sensitivity. However, in the above numerically
analysis, they only simply considered the influencing factor
of transmission-attenuation difference among these types of
optical fibers, but ignored some important practical problems
like the large splicing loss in the PCF FRR. Wang et al [21]
proposed a type of RFOG equipped with the TIR-PCF FRR,
and the tested results showed that the finesse of the FRR
was only 5.92 but without discussing the cause of the low
finesse.

In our previous work, the dynamic characteristics of PCF-
based resonators under sinusoidal modulation were theoret-
ically analyzed in detail [22]. This paper experimentally
studies the resonating characteristic of the TIR-type PCF
FRR, and the comparisons with the PANDA-type FRR are
conducted. The impacts of critical structural parameters of
PM coupler and fiber on the FRR finesse are also numerically
analyzed, which is of great significance to optimize the
structural parameters in the FRR. In addition, the dependence
of SLS of the RFOG on splicing loss, laser spectral line
width, coupling coefficient and total fiber length is theatri-
cally discussed, which is useful for the application of PCF
in RFOG.

II. THEORY ANALYSIS
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Fig. 1. Simple physical model of a reflective fiber optic resonator

Figure 1 shows the schematic diagram of a PCF FRR
consisting of a conventional PM coupler and a length of
TIR-PCF. There are two splicing points for fusing the TIR-
PCF with the PANDA pigtail fiber of the PM coupler. In
the following discussion, the symbols kc and γ represent
the coupler’s coupling coefficient and excess loss, and α is
the total attenuation coefficients of light transmission around
the fiber loop, respectively. The total loss α is composed
of two parts: the splicing loss αs and the fiber transmission
attenuation αL, namely, α = αs+αL. It is assumed that the
total length of the PCF fiber loop is L. According to Figure
1, when the light wave Ein is incident into the coupler, a
portion of the energy will directly pass through the straight
arm of the coupler to the output port. Meanwhile, the rest
energy across the coupling arm of the coupler enters into
the resonant cavity and propagates along the PCF loop. In
each cycle of transmission in FRR, a fraction of energy is
coupled out to the output port from the FRR cavity. Finally,
the optical interference will happen at the output port.

The input light wave Ein can be written as [17]:

Ein = E0 exp j[ωt+ ϕ(t)] (1)

where E0 and ω are the amplitude and angular frequency of
the light wave, and ϕ(t) is the phase fluctuation describing
the light source coherence. ϕ(t) satisfies:

exp j[ϕ(t)−ϕ(t−τ)] = exp (−2πδfτ) = exp (−∆ωτ) (2)

where δf is the spectral linewidth of the laser, and τ is the
time delay. According to the principle of superposition of
light waves, the field at the output port can be expressed as:

Eout = E0e
jωt

{
Tejϕ(t) −R′

∞∑
n=1

(Q′)n−1

· exp j [ϕ(t− nτ)− ωnτ ]}
(3)

where  T=
√
1− kc

√
1− γ

R′ = kc(1− γ)
√
1− αL

Q′ =
√
1− kc

√
1− γ

√
1− αL

(4)

ωτ = βL represents the phase delay of the light transmitting
in a circle, and β is the propagation constant of the fun-
damental mode of the PCF. Substituting Equation (2) into
Equation (3), the intensity transfer function of the FRR can
be obtained [12], [17]:

H = |Eout|2

|E0|2
=T 2 − 2TR(cosωτ−Q)

1+Q2−2Q cosωτ

+
(R′)

2

1−(Q′)2
1−Q2

1+Q2−2Q cosωτ

(5)

where {
R = kc(1− αc)

√
1− αLe

∆ωτ

Q =
√
1− kc

√
1− αc

√
1− αLe

∆ωτ (6)

It can be clearly seen that the output intensity of FRR
is a function of phase delay ωτ . According to Equation
(5), we can calculate out some characteristic parameters of
the resonance curve, and meanwhile the influence of the
structural parameters on the resonance curve can be also
analyzed. The full width half maximum Γ (FWHM) of the
resonance curve is given as [17]: Γ = 1

πτ cos
−1 (ξ)

ξ=
2TRQ

[
1−(Q′)

2
]
−2(R′)

2
Q2

(TRQ2+TR)[1−(Q′)2]−(R′)2Q(1+Q2)

(7)

The SLS is an important parameter to evaluate the perfor-
mance of the FRR. Shot noise, also known as the photon
noise, is a kind of random noise during the process of
photoelectric conversion, which determines the minimum
detection precision of FOGs. The SLS of RFOG can be
theoretically expressed as [23]:

δΩ =
neffλ

D

√
2Γ

SNR
(8)

where neff , λ correspond to the effective refractive index of
fundamental mode and the central wavelength of the laser, h
and D are Planck’s constant and the diameter of the fiber coil,
respectively. SNR is the signal-to-noise ratio of the detection
system, and can be written as [24]:

SNR =
is
in

=

√
ηt0I0
2hv

Hmax −Hmin√
Hmax

(9)

where η is the quantum efficiency of photodetector, t0 is
the integral time, I0 is the light intensity, v is the center
frequency of the laser, Hmax and Hmin are the maximum
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and minimum values of the resonant curve, respectively. We
can get the values of Hmax and Hmin by Equation (5): Hmin = T 2 − 2TR

1−Q +
(R′)

2

1−(Q′)2
1+Q
1−Q

Hmax = T 2 + 2TR
1+Q +

(R′)
2

1−(Q′)2
1−Q
1+Q

(10)

Then, the SLS formula can be further expressed as:

δΩ =
neffλ

D

√
hv

ηt0I0

2Γ
√
Hmax

Hmax −Hmin
(11)

Obviously, when the incident light intensity is fixed, the
SLS of RFOG mainly depends on the values Hmax and
Hmin, namely the resonance characteristics of FRR. The
resonance characteristics and finesse of FRR are related to
the structural parameters of PM coupler and fiber, so it is
necessary to optimize parameters of FRR to achieve the
high performance. Actually, the total transmission loss α,
especially the splicing loss at the splicing points of PCF
FRR is much larger than that of traditional PANDA-type
fiber, which will lead to some difference for resonance
characteristics between PCF-based FRR and PANDA-type
FRR.

III. SIMULATION AND EXPERIMENT

A. Resonance Characteristics Analysis
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Fig. 2. Theoretical resonance curves for the different splicing loss αs

corresponding to the PANDA-type FRR and PCF FRR.

We firstly numerically analyze the influence of the splicing
loss αs on the resonance curve of FRR. In the simulation,
the parameters are set as δf = 30 kHz, λ = 1.55µm,
L = 10.8 m, D = 10 cm, n = 1.44, kc = 5%, and
γ = 0.15 dB. Meanwhile, the fiber transmission attenuation
αL is reasonably ignored, namely, α ≈ αs, because it is as
low as 0.005 dB and 0.02 dB for 10 meter long PANDA-type
fiber and TIR-PCF, far less than the splicing loss αs. Figure
2 shows the simulated resonance curves with αs=0.1 and
2.0 dB corresponding to the PANDA-type FRR and PCF-
type FRR, respectively. It can be clearly seen that the PCF
resonant curve (red dashed line) has a smaller resonance
depth and larger FWHM, which results in a lower resonance
finesse.

Then, two types of FRRs with PM PANDA-type fiber
and PM TIR-PCF are experimentally fabricated. Here, two
identical traditional PM fiber couplers with kc = 5% and

γ=0.15 dB are employed, and the mode field diameter of
the coupler’s PANDA-type pigtail fiber in the fast and slow
axis are almost the same about 6.5 µm at the wavelength of
1.55 µm. It is well known that the PANDA-type FRR can be
easily fabricated with low splicing loss about 0.05 dB. The
PCF-based FRR consists of a traditional PM coupler and a
length of 10.8 m PM TIR-PCF that contains two enlarged air
holes in the cross section to produce high birefringence like
that in References [15], [16]. For the geometric parameters
of the used PM PCF, the hole pitch Λ, the diameters of
the small air holes d and the two large air holes D are 4.4
µm, 2.2 µm and 5 µm, respectively. The PCF’s mode field
diameters are about 6.2/3.2 µm at λ=1.55 µm. Since the
mode field of the used PM PCF is elliptical shape, it doesn’t
perfectly matched with the circular mode field of PANDA
fiber, which will bring about large fusing splicing loss at the
splicing point [25]. Theoretically speaking, the fusion loss
caused by the field mismatch is more than 1 dB for one
splicing point. Fortunately, the mode field of PCF is able to
be optionally tuned by controlling the collapse of air holes
using traditional arc fusion splicer [26], [27]. In the fusion
process, we carefully adjust the fusion time or fusion current
to change the PCF’s mode field for the purpose of the mode-
field matching. After repeated attempts, the splicing loss of
a single fusion point for the PCF can be reduced to be about
0.65 dB, and thus the total splicing loss αs in the PCF FRR
is about 1.3 dB. The photo of the fabricated PCF-based FRR
can be seen in Figure 3, where a PIN-FET photodetector with
the PANDA-type pigtail fiber is applied.

Polarization Maintaining Coupler

PCF-RR

Photoelectric DetectorPANDA Fiber

Fig. 3. The fabricated PCF-based resonator with a traditional PM coupler.

To test the resonant curve of FRRs, the experiment platfor-
m is set up. In the test system, the light emited from narrow-
linwedith laser, δf ≤0.1kHz, firstly passes through a optical
isolator to avoid reflected power worsening the performance
of the light source. At the output port of the cavity, a
photoelectric detector is connected to an oscilloscope and the
resonance curve can be displayed when we adjust the laser’s
output central frequency through the computer terminal. It
should be noted that all components in the system are PM
devices with the extinction ratio greater than 25 dB. Figure
4(a) and 4(b) show the experimental resonance curves of the
PANDA FRR and the PCF-based FRR, respectively. We can
see that the resonance curve of the PANDA FRR is much
sharper than that of the PCF FRR, and the finesse of the two
types of cavities are 14 and 72. The finesse of the PCF FRR
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fabricated by us is two times higher than that in Reference
[21]. Meanwhile, it has to be recognized that the finesse of
PCF-based FRR is still smaller than that of PANDA-type
FRR due to the large splicing loss between the PCF and the
PM coupler even though the mode field matching technique
is further optimized.
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Fig. 4. Experimental resonance curves of (a) the PANDA-type FRR (b)
the PCF-based FRR

B. Shot-noise Limited Sensitivity Analysis

As the core sensing component in the RFOG, the FRR
directly influences or determines the RFOG’s detecting pre-
cision. To achieve high detecting sensitivity, it is necessary to
optimize structural parameters and investigate their influence
on the sensitivity. The structural parameters are the splicing
loss αs, the linewidth δf of laser, the coupling coefficient
kc and excess loss γ of the coupler, and the total length L
of FRR.

1) Impact of splicing loss and laser linewidth: To analyze
the impact of αs on the RFOG performance, the depen-
dent relationship between SLS and the splicing loss αs is
numerically studied, as shown in Figure 5. The simulation
parameters are assumed to be as follows: the intensity I0
of the incident light is 1 mW, the integral time t0 is 1
s, the responsivity of photoelectric detector is 0.85 A/mW,
and the other parameters are the same as mentioned above.
Figure 5 shows that with the increase of αs the value of
SLS apparently becomes larger corresponding to a lower
sensitivity for RFOG. When the splicing loss increases from

0 to 3 dB, the SLS of RFOG varies from 0.02◦/h to 0.9◦/h.
Particularly, if we want the sensitivity to be higher than
0.1◦/h, the loss αs should be controlled below 0.6 dB. It is
a great challenge for the TIR-PCF to achieve such low loss
for two splicing points in the PCF FRR under the current
fiber-fusion technology.
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Fig. 5. The dependent relationship between the RFOG SLS and the splicing
loss αs.

The impact of the laser spectral linewidth on SLS is also
studied as illustrated in Figure 6, where it is clear that
increasing the laser linewidth will deteriorate the RFOG
sensitivity. Therefore, the RFOG detecting system usual-
ly employs a extremely narrow-linewidth laser (typically
δf ≤100kHz) so as to make the sensitivity as high as
possible. In addition, the RFOG SLS of the PCF FRR is
less sensitive than that of the PANDA FRR under the same
laser linewidth, the reason of which is because the finesse of
PCF-based FRR is smaller than that of PANDA FRR.
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Fig. 6. The impact of the laser spectral linewidth on the RFOG SLS for
the PANDA FRR and PCF FRR.

2) Impact of coupler structural parameters: The PM
coupler is the most important part of FRR, and it should
have a high extinction ratio as far as possible for the
polarization stability. When we fabricate the fiber resonator,
the first problem is how to confirm the coupler’s structural
parameters: the coupling coefficient kc and the excess loss
γ. Figure 7 illuminates the dependent relationship between
the RFOG SLS and the coupling coefficient kc for the
two types of FRRs. It can be observed that there is an
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optimal coupling coefficient kc = kpc that makes RFOG most
sensitive. The optimal value kc is 2% for the PANDA-type
FRR corresponding to the best SLS of 0.04◦/h while for
the PCF FRR the most appropriate kc is about 20% with
the best RFOG SLS of 0.25◦/h. It can be also seen that
with kc increasing from the optimal value, the SLS for the
PANDA FRR becomes worse while that for the PCF FRR
almost keeps unchanged. In other words, the RFOG SLS
with higher finesse FRR is more sensitive to the change of
coupling coefficient kc. From the point of view of the RFOG
SLS, the PM coupler for the PCF-base FRR can be chosen
in a larger range with kc varying from 10% to 40%.
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Fig. 7. The dependent relationship between SLS and the coupling
coefficient kc of the PM coupler.
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Fig. 8. The impact of the coupler’s excess loss γ on SLS for the PANDA
FRR and PCF FRR.

The excess loss γ of PM coupler is defined as the power
reduction of all output ports with respect to the input power,
which reflects the inherent loss in the device manufacturing
process. Figure 8 shows the dependent relationship between
the coupler excess loss γ and SLS for the PANDA FRR and
PCF FRR. It can be clearly observed that the value of the
sensitivity becomes larger with the increase of γ for both
fiber resonators. Therefore, the smaller the excess loss γ
is, the more sensitive the RFOG detecting system is. The
excess loss γ is normally around 0.2 dB that corresponds to
the theoretical RFOG sensitivities of 0.04 ◦/h and 0.35 ◦/h
for the two types of FRRs. It should be noted that for the
above experiments in Section III-A, we specially customize

the commercial PM coupler with a excess loss of 0.15 dB
to improve the detecting sensitivity as much as possible.

3) Impact of total fiber length: According to the formula
∆F = D · Ω/neffλ, it seems that the detection accuracy
of RFOG is only related to the diameter of the FRR and
independent of the length of the fiber. However, the fiber
length L of FRR does indeed impacts the RFOG sensitivity
[3]. Figure 9 shows the impact of the total fiber length L
on the RFOG SLS for the PANDA-type FRR and PCF FRR.
The unit attenuation coefficient of the PANDA fiber and TIR-
PCF are respectively assumed to be 0.5 dB/km and 2 dB/km
with kc = 5% in the simulation. We can find that the blue
and red curves in Figure 9 have the same change tendency
in which the sensitivity increases initially and then reduces
as the fiber length L increases. The sensitivity using the
PANDA-type FRR reaches the peak of 0.02◦/h when the
fiber length L is 50 m. However, for the PCF FRR the fiber
length L corresponding to the highest sensitivity is about
200 m which is almost four times longer than that of the
PANDA-type FRR. Finally, it is clear that the sensitivity of
RFOG has little variation when the fiber length exceeds 100
m, and thus the fiber length of FRR can be chosen to be
about tens of meters, not more than 100 meters.
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Fig. 9. The impact of the total fiber length L on the RFOG SLS for the
PANDA-type FRR and PCF FRR.

IV. CONCLUSION AND DISCUSSION

In this research, two types of FRRs, highly birefringent
PCF FRR and PANDA-type FRR, are experimentally fabri-
cated. The tested resonant curve indicates that the finesse of
the PCF FRR fabricated by us is about 14 that is more than
two times higher than that in Reference [9], which profits
from the optimized fiber fusion technique. Thereafter, the de-
pendent relationships between the RFOG SLS and structural
parameters are theoretically analyzed and compared for both
FRRs. From the simulated results, we can draw the following
conclusions: 1) The splicing loss αs is a very critical factor
to influent the RFOG detecting performance especially for
the PCF FRR. The lower the splicing loss αs in the FRR,
the higher the sensitivity of the RFOG detecting system; 2)
The smaller spectral line-width δf of laser in RFOG system
can lead to the higher RFOG sensitivity. The laser with line-
width δf less than 10 kHz is recommended to achieve a high
sensitivity; 3) The RFOG sensitivity will get deteriorative
with the increase of the excess loss γ of the coupler. The
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excess loss γ should be less than 0.2 dB when we choose the
PM fiber coupler; 4) There is an optimal coupling coefficient
kc making the RFOG SLS most sensitive, and the RFOG SLS
with higher finesse FRR is more sensitive to the variation of
coupling coefficient kc; 6) Too long fiber length not only
cannot increase the sensitivity of RFOG, but will make it
worse on the contrary. It is enough for the fiber length of
FRR being tens of meters. The above theoretical analysis is
of guiding significance to the optimization of FRR structural
parameters.

From the above experimental and theoretical analysis, it
has to be recognized that the finesse of PCF FRR is still
smaller than that of PANDA-based FRR because of the large
splicing loss between PCF and PANDA-type fiber. However,
the PCF resonator has inherent benefits for reducing the
optical noises in the RFOG, and the application of PCF in
the RFOG has great potential in improving its performance
when all aspects of the factors are considered. It is believed
that the problem of large fusion splicing loss for PCFs is
expected to be resolved with the improvement of the fiber
fusion technology in the future.
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