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Abstract: The coupling efficiency of the fiber ring resonator has an important influence on the scale
factor of the resonant fiber gyroscope. In order to improve the scale factor of the gyroscope, the
coupling efficiency of the fiber ring resonator and its influential factors on the scale factor of the
gyroscope are analyzed and tested. The results show that the coupling efficiency is affected by both
the splitting ratio of the coupler and the loss in the cavity. When the coupling efficiency approaches
0.75 at the under-coupling state, the scaling factor of the gyroscope is the highest. This provides
a theoretical reference and an experimental basis for the enhancement of the scaling factor of the
resonant fiber gyroscope with the fiber ring resonator as the sensitive unit, providing options for
multiple applications such as sea, land, sky and space.

Keywords: resonant fiber gyroscope; fiber ring resonator; coupling efficiency; scale factor

1. Introduction

Inertial navigation is a self-service navigation system that does not need external
information that radiates energy to the outside world. It is widely used in national de-
fense [1], civil and commercial fields due to its advantages of long working hours, high
stability and fast data update rate [2]. A gyroscope is the core component of an inertial
navigation system [3], which is used to measure the angular velocity of the vector in the
inertial space and the attitude of the vector [4]; the performance of the gyroscope plays
a decisive role in the performance of the whole inertial navigation system [5]. Resonant
gyroscopes use the resonant properties of vibration to measure rotation [6], and resonant
fiber optic gyroscope (RFOG), a novel opto-electronic hybrid integrated sensor [7,8], mea-
sure the rotational angular velocity of the system by measuring the resonance frequency
difference of clockwise (CW) and counterclockwise (CCW) light caused by the optical
Sagnac effect. Due to its advantages of high precision, small size and no moving parts,
the resonant optical gyroscope has drawn much attention [9]. Like ordinary mechanical
gyroscopes, optical gyroscopes are also affected by coupling effects, temperature [10] and
other external noise [11]. The optical gyroscope is favored in various application fields such
as sea, land, sky and space because of its internal all-solid-state optical path, no rotor wear
and no moving parts, which greatly improve the mechanical properties of inertial devices
such as anti-vibration and shock resistance. Resonant fiber optic gyroscopes, as a kind of
optical gyroscope, compared with interferometric fiber optic gyroscopes, only need to use
a2 x 2 coupler and pigtail fusion to form a resonant cavity, avoiding the temperature drift
caused by the Shupe effect in the long optical fiber sensitive annulus At the same time, the
miniaturization also shows its unique advantages and engineering application potential. A
fiber ring resonator works as the core sensitive unit of the RFOG,; it can be simply formed
by splicing coupler pigtails. The low insertion loss allows light energy to be stored in the
fiber core efficiently [12].

Although the fiber ring resonator (FRR) can improve the detection sensitivity of the
gyroscope by obtaining a higher Q value, the effect of coupling efficiency on the gyroscopic
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scaling factor has not yet been fully analyzed theoretically and experimentally. Thus, in
order to ensure the stability and accuracy of the gyroscope, it is necessary to reduce its
temperature drift and coupling effects [13]. There are more research works on the direction
of temperature drift compensation, and the combination of temperature compensation
algorithms can effectively reduce the drift amount [14]. However, the cross-coupling
effect [15,16] between multiple axes of different gyroscopes has some differences, and it
is important to deeply explore and analyze its sources and mechanisms. The work in this
paper focuses on the analysis of the coupling states of FRR, which has three coupling states,
namely, the states of under-coupling, over-coupling and critical coupling [17]. Experiments
are conducted under different coupling states to investigate in depth the effects of different
coupling states on the accuracy of gyroscopes and to provide an experimental basis for the
subsequent related calibration and compensation.

The influence factors of the three coupled states of the fiber ring resonator are studied
in this paper. The influence of the coupled state on the detection accuracy of the resonant
optical gyroscope is studied through theoretical analysis, modeling simulation and experi-
mental testing. The experimental results show that the coupling efficiency of the resonant
cavity is mainly influenced by the cavity loss and the split ratio of coupling. When the
coupling efficiency approaches 0.75, the gyroscope has the highest scale factor and is in the
under-coupling state. The cavity length is 3 m, and, when the split ratio is 2/98, a resonator
with Q value of 2.3 x 10® and coupling efficiency of 0.7334 is obtained, with the highest top
scale factor of 118.2876 mV /°/s.

2. The Analysis of Principle
2.1. Coupling Efficiency (p)

As the core component of the fiber ring resonator, the fiber coupler uses the evanescent
field coupling of the light waves to realize the splitting and combining between the adjacent
fibers [18].

Figure 1 shows the fiber ring resonator. E;, E;, Ez and E4 are the intensity of the light
field propagating in ports 1, 2, 3 and 4. Light enters the fiber coupler from port 1, and part
of it is output from port 2 directly. The other part of the light is coupled into the cavity
via port 4 and continues to propagate through the coupling area for one more revolution
before entering the coupler through port 3 again. The light entering port 3 continues to
propagate through port 4, while the other portion enters the coupling region to exit port 2.
E1, Ey, E3 and E; satisfy the following relationship [19]:

E; = 7E; + jtEs D
Ey = 7E; +jtEy 2)
Y +tr=1 3)

7 and t are the coupling and transmission coefficients, respectively, and j is the imagi-
nary unit.

The loop light intensity transfer factor T and transmission phase shift ¢ are used to
describe the propagation of light in the fiber ring resonator:

E; = T exp(ip)Es 4)

where ¢ = kL, x = 27tn/ A, n is the effective refractive index of the fiber, A is the wavelength
of the incident light in vacuum and L is the cavity length of the fiber ring resonator.
From (1)—(4), the relationship between E; and E; can be expressed:

= expli(+ )

T — yexp(—ig)
1—ytexp(—ig) ©®)
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The transmission light can be obtained by the square of Formula (5):

_|B
-3

> —2yTcos ¢ + 72 ©)
~ 1—29Tcos ¢+ 212

T

Based on the above calculations, the coupling efficiency can be calculated as follows [9]:

2
R ek
=t (1—77) 7

The coupling state is shown in Figure 2. When ¢ = T and T = 0, the output light

intensity of Ej is zero. The optical energy loss and replenishment in the resonator reach
dynamic balance. The FRR is in the critical coupling state and the coupling efficiency is
the highest. In this case, the light coupled to the FRR by E; is equal to the light loss in the
cavity (including the insertion loss, the transmission loss in the fiber loop and the loss in
the splice). When <y > T, the optical energy in the cavity is replenished more than the loss,
the cavity is in an over-coupled state. Large full width at half maximum (FWHM) results in
low Q factor. When 1 < 7, the cavity light energy is less than the loss of replenishment, the
resonator is in a state of under-coupling, the full width at half maximum is narrow and the
quality factor is high.

y +t =1

E,

& 0.2

T T

v>1 over coupling

v<t under coupling

N
l«——— y=T critical coupling

Phase/o@

Figure 2. Simulation of coupling state.

The relationship between the splitting ratio and the loss on the resonance depth is

shown in Figure 3. The coupling state of the resonator is affected by the different matching
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relationship between the cavity loss and the splitting ratio of the coupler. When -y = 7, the
cavity coupling efficiency is the highest.
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Figure 3. The influence of splitting ratio and loss on coupling efficiency.

2.2. The Scale Factor of the Gyroscope

In the RFOG signal detection system, the triangular wave phase modulation tech-
nology is used to modulate the light emitted by the laser. If the output frequency of the
modulated laser turns from f to fo £ Af, the gyroscope output [17,19] is

rz+a2—2mcos(%) r2+a2—27gcos(%)

1+ 1242 —2ra cos<72”(f;°;RMf)) 1+ 1242 — 2ra COS(*ZH(G?S_RZAJ[)>

®)

Tout = Iin

We demodulate the slope of the curve under the condition of a certain free spectral
range (FSR) of the resonance spectrum, which is the effect of fiber ring resonator coupling
efficiency on gyroscope scale factor:

- dlaut
Af

From Equations (8) and (9), it can be known that, when the maximum value is taken,
the following relation is obtained:

©)

Af=0

21 +1
=T (10)

In this case, the coupling efficiency h = 0.75, that is, when r and 7 satisfy the relationship
shown in Formula (10), the slope of the RFOG demodulation curve is the largest, which
means that the gyroscope has the highest scale factor. In this case, the fiber ring resonator
is in an under-coupled state and the coupling efficiency is 0.75.

The proper match between splitting ratio and the cavity loss in the coupler constitutes
a resonant cavity with a coupling efficiency of 0.75. Losses in FRR include insertion
loss, transmission loss in fiber and splice loss. Insertion loss and fiber transmission loss
(0.15 dB/km) are very low compared to splice loss, so splice loss constitutes the major loss
in the cavity. The splice loss was tested in the experiment.

3. The Experimental Test
3.1. Melting Point Loss Experiment

In order to obtain the wastage of the melting point, we cut off a polarization-maintaining
optical fiber, and then welded it in the same welding environment and parameters. Optical
fiber lasers were connected at one end, and the other end accessed ab optical power meter
and read the light power before and after welding. We tested many times to obtain the
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average; the results are shown in Figure 4. The loss caused by each fusion point was about
0.07 dB, and the loss caused by the two melting points was about 0.14 dB.
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Number of splicing points
Figure 4. Loss in splicing points.

3.2. Optical Fiber Ring Resonator Test

In the resonant spectrum test system, as shown in Figure 5a, a narrow line-width laser
(100 Hz) with a wavelength of 1550 nm was adopted as a laser light source, the frequency
sweep coefficient was 15 MHz/V, the signal generator generated a triangle wave as the
laser scanning signal and the resonance line, after photoelectric detection in photoelectric
conversion, showed the form of the voltage signal on the oscilloscope. The definition of
coupling efficiency is h = W, where I, is the maximum value of the resonance
spectrum, I, is the minimum value of the resonance spectrum and Imax — Imin is the
amplitude range of the resonance spectrum line. The full width at half maximum (FWHM)
method was adopted to calculate the Q value. The FRR resonance state was stimulated
under the frequency sweep mode, sampling resonance on the scope and scanning the data
of voltage. Origin software was used to calculate the scanning signal voltage difference
AV corresponding to the FWHM of the resonance line. The laser scanning coefficient was
15 MHz/V and the corresponding frequency of light wave at the output center wavelength
of 1550 nm was f = 193 THz. The Q value of the resonant cavity can be calculated by the

formula Q = FVJI(’{M = AVA 5f vy [20]- The coupling efficiency and the Q value of the
FRR are shown in Figure 5b.

In the experiment, five kinds of optical split ratio couplers (1/9, 5/95,2/98,1/99 and
0.1/99.9) were combined into fiber ring resonators with five cavity lengths (3 m, 5 m, 10 m,
21 m and 50 m), and the system shown in Figure 5 was used for testing and comparison
with the simulation results. The results are shown in Figure 6a,b. The Q value of the
resonant cavity shows an increasing trend with decrease in the splitting ratio and increase
in the cavity length. The coupling efficiency is influenced by the splitting ratio of couplers
and the loss in the cavity, showing a trend of an initial rise and then a decrease. This is
because a high splitting ratio means energy supply is greater than the loss in the cavity,
which is in the over-coupling state; additionally, the coupling efficiency and Q value are
low. With further decrease in the splitting ratio, the complementary and dissipation of
light energy in the cavity gradually reached dynamic equilibrium. The coupling efficiency
and the Q value were gradually increased, approaching the critical coupling state. Further
reduction in the splitting ratio caused the light energy supplement in the cavity to be
less than the loss. In the under-coupled state, the Q value gradually increased, and the
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coupling efficiency showed a downward trend. The declining green curve in Figure 6b is
due to the longer length of the cavity causing a bigger transmission loss and to melt contact
loss accumulation making the optical energy loss in the cavity greater than the optical
energy supplement to the resonant cavity under each splitting ratio; therefore, this was
in the under-coupling state. The loss cavity length was 3 m. The Q value of the resonant
cavity was 2.3 x 108 while the splitting ratio of the resonator was 2/98, and the coupling
efficiency was 0.7334. Therefore, in the case where the optical fiber fusion point loss is
known, by adopting the appropriate splitting ratio tie-in cavity length, the highest Q value
and coupling efficiency of the optical FRR, i.e., 0.75, can be theoretically obtained.

0.16 33
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/ PM fiberring | 5 2
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i 19 =
"| g ®
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Figure 5. (a) Resonant spectrum test system, (b) coupling efficiency and Q factor calculation.
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Figure 6. (a) Comparison of measured and simulated Q values for different lengths and splitting

ratios, (b) comparison of measured and simulated coupling efficiency for different lengths and
splitting ratios.

3.3. Resonance Fiber Optic Gyroscope Index Test

The above FRRs with different coupling efficiencies were tested in the RFOG system
shown in Figure 7. Laser was emitted with stable power and wavelength of 1550 nm, and
it was divided into two identical beams of light through a Y-waveguide. The two-phase
modulation arms in the Y-waveguide phase modulator were used for the CW and CCW
directions of optical signal modulation, in which the modulation frequencies were 335 kHz
and 550 kHz, respectively. The two channels of light are resonant after the coupler; they enter
the resonator cavity, pass through the circulator, are converted into an electrical signal in
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the photodetector and are output to the lock-in amplifier to be demodulated. In the CCW
road, the output frequency of the laser is locked in as the resonant frequency of the fiber ring
resonator through proportional Integration controller; the CW road is gyroscope output.

Gyro output

Circulator2

Isolator ~ Y-waveguide

Circulatorl

Figure 7. Schematic diagram of the ROG.

As shown in Figure 8, the prototype was fixed on the rotary table at room temperature.
The frequency locking of the laser was realized by sending the frequency locking control
command from the host computer, as shown in Figure 8a, to control the angular velocity
output of the high-precision rotary table and to calibrate its scaling factor by using the step
signals corresponding to the individual angular velocities. The output rotational angular
velocity of the rotary table was controlled by the upper computer.

Figure 8. (a) Laser frequency locking; (b) Rotation test.

The system was fixed on the high precision turntable with the angular velocity set
at about 10°/s, 20° /s, 30° /s, 40°/s and 50° /s for rotation tests. We performed rotation
at each angular velocity three times, taking the average of the output voltage as rotation
output signal. The results in Figure 9a show the least-square linear fitting of the output
voltage corresponding to each angular velocity, used to obtain the curve of angular velocity
and the output voltage as shown in Figure 9b. The calculated gyroscope scale factor was
118.2876 mV /°/s.

For the data in Figure 9¢c, the FRR with 25 parameters was tested in the gyroscope
system, comparing the measured value with the theoretical calculation; the actual mea-
surement values were basically the same as those from the theoretical calculation. With
the increase in coupling efficiency, the scale factor of the gyroscope first increases and then
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decreases. For the scale factors between 0.641 and 0.8966, all values exceeded 100 mV/°/s,
with the highest point being 118.2876 mV /° /s, corresponding to a coupling efficiency of
about 0.7334. Therefore, under the current test conditions, it is necessary to control the
coupling efficiency to values between 0.641 and 0.8966 to achieve a higher scale factor.
There is a certain deviation between the measured value and the theoretical calculation
value because the FRR has a certain error in the light ratio and the calculation error of the
melting point loss.

8 I |
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Figure 9. (a) Gyroscope signal with different rotational angular velocities; (b) fitting analysis of stair
effects; (c) comparison of measured and simulated values of ROG sensitivity for the different coupling
efficiency values.

4. Conclusions

In this paper, the influencing factors of coupling efficiency on FRR are modeled, and
the influence of coupling efficiency on the scale factor of a resonant optical gyroscope is
analyzed in detail. The Q factor and coupling efficiency test system of the FRR and the
resonant fiber gyroscope system are built, and the scale factor of the gyroscope is tested
with a high-precision rotating platform. Both theoretical analysis and experimental results
show that the coupling efficiency of the resonant cavity is influenced by cavity loss and
the splitting ratio of coupling. The scale factor of the gyroscope is the highest when the
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coupling efficiency approaches 0.75 in the under-coupling state. The cavity length is 3 m,
and, when the splitting ratio is 2/98, a resonator with a Q value of 2.3 x 108 and a coupling
efficiency of 0.7334 is obtained. In addition, the top scale factor is the highest, which is
118.2876 mV /°/s. This paper provides theoretical and experimental support for improving
the scale factor of an RFOG with a fiber ring resonator as the sensitive element. It is of
great significance to improve the detection accuracy of the gyroscope’s rotational angular
velocity in the carrier, to enhance the initial alignment accuracy of the inertial navigation
system, to obtain the carrier orientation and attitude data more accurately for the control
system and to improve the accuracy and stability of the carrier’s running attitude.

Author Contributions: Conceptualization, S.L.; methodology, S.L.; software, X.T.; validation, S.T.;
writing, X.T.; visualization, S.T.; supervision, S.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China (No. 2022YFB3205000) and the National Natural Science Foundation of China (NSAF, Grant
No. U2230206).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Duan, X,; Cao, H. Stabilized Inertial Guidance Solution for Rolling Projectile Based on Partial Strapdown Platform. IEEE Access
2021, 9, 116207-116214. [CrossRef]

2. Xie, C. Research on Enhancement Signal-to-Noise Ratio of Resonant Optical Gyroscope. Ph.D. Thesis, North University of China,
Taiyuan, China, 2017.

3. Shen, C.; Xiong, Y.; Zhao, D.; Wang, C.; Cao, H; Song, X.; Tang, J.; Liu, J. Multi-Rate Strong Tracking Square-Root Cubature
Kalman Filter for MEMS-INS/GPS/Polarization Compass Integrated Navigation System. Mech. Syst. Signal Process. 2022, 163,
108146. [CrossRef]

4. Zhang, T. Research of Temperature Characteristics of Resonator Fiber Optic Gyroscope. Master’s Thesis, North University of
China, Taiyuan, China, 2017.

5. Cui, R,; Li, K;; Xu, X,; Xue, R.; Shen, C.; Shi, Y.; Cao, H. Design and Experiment of MEMS Solid-State Wave Gyroscope Quadrature
Error Correction System. IEEE Sens. ]. 2023, 23, 16645-16655. [CrossRef]

6. Guo, X,; Cui, R;; Yan, S.; Cai, Q.; Wei, W.; Shen, C.; Cao, H. Design and Experiment for N = 3 Wineglass Mode Metal Cylindrical
Resonator Gyroscope Closed-Loop System. Electronics 2023, 12, 131. [CrossRef]

7. Ciminelli, C.; Dell'Olio, F.; Campanella, C.; Armenise, M. Photonic Technologies for Angular Velocity Sensing. Adv. Opt. Photonics
2010, 2, 370-404. [CrossRef]

8.  Dell’Olio, F,; Indiveri, F,; Innone, E; Dello Russo, P.; Ciminelli, C.; Armenise, M. System Test of an Optoelectronic Gyroscope
Based on a High Q-Factor InP Ring Resonator. Opt. Eng. 2014, 53, 127104. [CrossRef]

9. Yan, S.; An, P; Zheng, Y.; Li, X.; Zhao, R.; Zhang, C.; Xue, C,; Liu, J. High-Q Optical Ring Resonator Gyro Angular Rate Sensor.
Acta Photonica Sin. 2014, 43, 12-17.

10. Cai, Q.; Zhao, F; Kang, Q.; Luo, Z.; Hu, D.; Liu, J.; Cao, H. A Novel Parallel Processing Model for Noise Reduction and
Temperature Compensation of MEMS Gyroscope. Micromachines 2021, 12, 1285. [CrossRef] [PubMed]

11. Li, Z;Gu, Y, Yang, J.; Cao, H.; Wang, G. A Noise Reduction Method for Four-Mass Vibration MEMS Gyroscope Based on ILMD
and PTTFPE. Micromachines 2022, 13, 1807. [CrossRef] [PubMed]

12.  Saleh, K.; Llopis, O.; Cibiel, G. Optical Scattering Induced Noise in Fiber Ring Resonators and Optoelectronic Oscillators. J. Light.
Technol. 2013, 31, 1433-1446. [CrossRef]

13.  Cao, H; Cai, Q.; Zhang, Y.; Shen, C.; Shi, Y.; Liu, J. Design, Fabrication, and Experiment of a Decoupled Multi-Frame Vibration
MEMS Gyroscope. IEEE Sens. J. 2021, 21, 19815-19824. [CrossRef]

14. Cao, H,; Cui, R; Liu, W.; Ma, T.; Zhang, Z.; Shen, C.; Shi, Y. Dual Mass MEMS Gyroscope Temperature Drift Compensation Based
on TFPF-MEA-BP Algorithm. Sens. Rev. 2021, 41, 162-175. [CrossRef]

15.  Chen,].; Zhao, L.; Cheng, Y.; Yan, Z.; Wang, X.; Tang, C.; Gao, F.; Yi, Z.; Zhu, M. Bandwidth-Tunable Absorption Enhancement
of Visible and near-Infrared Light in Monolayer Graphene by Localized Plasmon Resonances and Their Diffraction Coupling.
Results Phys. 2023, 49, 106471. [CrossRef]

16. Wu, Y, Cai, P; Nie, Q.; Tang, C.; Liu, F; Zhu, M. Ultra-Narrowband, Electrically Switchable, and High-Efficiency Absorption in
Monolayer Graphene Resulting from Lattice Plasmon Resonance. Results Phys. 2023, 51, 106768. [CrossRef]

17.  Qian, K; Tang, J.; Guo, H.; Liu, W.; Liu, J.; Xue, C.; Zheng, Y.; Zhang, C. Under-Coupling Whispering Gallery Mode Resonator

Applied to Resonant Micro-Optic Gyroscope. Sensors 2017, 17, 100. [CrossRef] [PubMed]


https://doi.org/10.1109/ACCESS.2021.3105412
https://doi.org/10.1016/j.ymssp.2021.108146
https://doi.org/10.1109/JSEN.2023.3281775
https://doi.org/10.3390/electronics12010131
https://doi.org/10.1364/AOP.2.000370
https://doi.org/10.1117/1.OE.53.12.127104
https://doi.org/10.3390/mi12111285
https://www.ncbi.nlm.nih.gov/pubmed/34832697
https://doi.org/10.3390/mi13111807
https://www.ncbi.nlm.nih.gov/pubmed/36363827
https://doi.org/10.1109/JLT.2013.2250917
https://doi.org/10.1109/JSEN.2021.3095762
https://doi.org/10.1108/SR-09-2020-0205
https://doi.org/10.1016/j.rinp.2023.106471
https://doi.org/10.1016/j.rinp.2023.106768
https://doi.org/10.3390/s17010100
https://www.ncbi.nlm.nih.gov/pubmed/28067824

Micromachines 2023, 14, 1680 10 of 10

18. Liu, Y; Xue, C,; Zheng, H.; An, P; Cui, X; Lu, X; Liu, J. Structure design and optimization of high fineness ring resonator. Infrared
Laser Eng. 2014, 43, 3688-3693.

19. Ying, D.; Wang, Z.; Mao, J.; Jin, Z. An Open-Loop RFOG Based on Harmonic Division Technique to Suppress LD’s Intensity
Modulation Noise. Opt. Commun. 2016, 378, 10-15. [CrossRef]

20. Wang, Y. Theoretical and Experimental Study on Q Factor Enhancement in The Fiber Coupled Resonator. Master’s Thesis, Harbin
Institute of Technology, Harbin, China, 2013.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.optcom.2016.05.056

	Introduction 
	The Analysis of Principle 
	Coupling Efficiency () 
	The Scale Factor of the Gyroscope 

	The Experimental Test 
	Melting Point Loss Experiment 
	Optical Fiber Ring Resonator Test 
	Resonance Fiber Optic Gyroscope Index Test 

	Conclusions 
	References

