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Resonator integrated optic gyro (RIOG) is a high-accuracy gyroscope based on the Sagnac effect. The waveguide-
type ring resonator is a key rotation sensing element in the RIOG. An asymmetric resonance line shape is found in the
optic resonator. These asymmetries will induce offset errors when the phase modulation spectroscopy technique (PMST)
is applied to the RIOG. The polarization errors and the difference among normal mode losses are found to be the two main
sources of resonance asymmetry in an experiment. These sources are fully investigated and their contributions to the offset
errors are compared. The analysis shows that proper modulation frequencies in clockwise (CW) and counterclockwise
(CCW) directions can reduce an RIOG bias error. A transmissive resonator is recommended to obtain a better resonance

line shape.
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1. Introduction

An optical gyroscope is a high-accuracy inertial rotation
sensor based on the Sagnac effect.l'! Compared with an in-
terferometer optic gyro (IOG), a resonator optic gyro (ROG)
can achieve the same performance as an IOG which is two or-
ders of magnitude longer in optical length than that of ROG,?!
and hence the ROG has the potential to achieve advantages of
high accuracy, small size, and low cost. A resonator integrated
optic gyro (RIOG) is a waveguide-type ROG. To improve the
short-noise limited sensitivity,* the waveguide-type ring res-
onator (WRR) is suggested to be low-loss and high-finesse.
Equipped with a high-finesse waveguide-type ring resonator,
RIOG has achieved a bias stability of 0.004°/s over a one-
hour timeframe.!*! However, the RIOG still cannot meet the
requirements of applications in defense and aerospace where
a bias drift < 1°/h and a resolution < 10° /h are required. (51

Resonance asymmetry of the WRR is another feature that
affects an RIOG performance. ! In the RIOG, the readout sys-
tem is based on the phase modulation spectroscopy technique
(PMST).!"! Different modulation frequencies are applied to
the clockwise (CW) and counterclockwise (CCW) beams to
reduce the backscattering induced noise.!®) When the reso-
nance line-shape is asymmetric in the WRR, a bias error will
be introduced into the gyro’s output.[®! Based on the results

from the experiments, two sources of resonance asymmetry
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are analyzed. The two sources are polarization errors!®! and

10l Resonance

different normal mode losses in the coupler.
asymmetry degree (RAR) is used to evaluate the asymmetric
degree of the resonance curve.!'!]

In this paper, the main parameters that affect the RAR
in these sources are discussed in detail. Examining the influ-
ence of the RAR on bias error numerically, it is found that the
gyro’s bias error is proportional to the RAR of the resonance
line shape. To reduce the bias error, a transmissive resonator
is recommended to obtain a better resonance line shape. It is
proved that proper modulation frequencies in CW and CCW

directions can reduce an RIOG bias error.

2. System configuration

Figure 1 shows the experimental setup of the RIOG with
areflector WRR based on PMST. Points A and B are two con-
tact points between fiber and WRR after being packaged. The
couplers C1, C2, C3 are all 3-dB couplers. The output light
from an FL is equally divided by coupler C1. The PM1 and
PM2 are driven by the sinusoidal waveforms from internal ref-
erence signals of LIA1 and LIA2 with the frequencies f; and
fa, respectively. The CW and CCW beams in the WRR are
sensed by photodetectors PD1 and PD2, respectively. Then,
the CW and CCW signal are demodulated by LIA1 and LIA2,
respectively. The demodulation signal from the CW signal is
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used to lock the center frequency of the fiber laser at the res-
onance frequency through PI. The signal from LIA2 is used
as the gyro output, which is proportional to the resonant fre-
quency difference between the CW signal and the CCW signal.
The rotation rate is obtained from the frequency difference ac-

cording to the Sagnac effect!!]

4A
Af = mga 9]
where A is the area of the WRR, A is the wavelength of fiber
laser, n is the index of refraction, L is the length of WRR, and
Q is the rotation rate.

output
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Fig. 1. (color online) System configuration of RIOG based on PMST.
FL: fiber laser; C1, C2, C3, C4: couplers; PM1, PM2: phase modula-
tors; PLC: planar lightwave circuit; PD1, PD2: photodetectors; LIA1,
LIA2: lock-in amplifiers; PI: proportional integrator.
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Fig. 2. (color online) Measured resonance curve of the lightwaves in (a)
silica WRR, and (b) silicon nitride WRR.

Figures 2(a) and 2(b) show two types of resonance asym-

metry phenomena observed in the experiments from a silica

WRR and a silicon nitride WRR, respectively. The cross sec-
tions of the waveguide core of the silica WRR and silicon ni-
tride WRR are shown in Figs. 3(a) and 3(b), respectively. The
coupling coefficients of the silica WRR and the silicon nitride
WRR are designed to be 0.15 and 0.12, respectively. Both of
the two WRRs are of reflector-type. The lengths of the silica
WRR and the silicon nitride WRR are 9.6 cm and 5.37 cm,
respectively. The measured free spectral range (FSR) of the
silica WRR is 2.1 GHz. The measured free spectral range
(FSR) of the silicon nitride WRR is 3.75 GHz. The RARs
of the silica WRR and the silicon nitride WRR are 0.017 and
0.467, respectively. The demodulated output from LIA1 and
LIA2, normally zero without rotation, will have two differ-
ent nonzero values for an asymmetric resonance. As a result,
the resonance asymmetry will cause bias error in the gyro’s
output.[®! It is necessary to carry out researches on the sources
of resonance asymmetry and the influence of the resonance
asymmetry. Finding out ways to reduce the resonance asym-
metry and its influence are essential to achieving a high perfor-
mance. To compare the influences of different sources on gyro
output, the relevant parameters are set to be the same. The
center frequency of FL is 193 THz. WRR length and effective
refractive index are set to be 10 cm and 1.445, respectively.
The PM1 and PM2 are driven by sinusoidal signals with fre-
quencies of 1 MHz and 500 kHz, respectively. The width of
resonance curve is set to be 20 MHz according to the fabri-
cation level reported so far.[*! The power of the laser used in
our RIOG is usually set to be tens of milliwatts to avoid being
influenced by stimulated Brillouin scattering. Therefore, the
nonlinear optical effects in the resonator are neglected.
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Fig. 3. (color online) Cross sections of (a) silica WRR and (b) silicon
nitride.
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3. Sources of resonance asymmetry
3.1. Polarization errors

A polarization-maintaining resonator supports two polar-
ization states named eigenstates of polarization (ESOPs) that
do not change their polarization states after circling one time
in the resonator. The normalized received power of PD1 can

be written as!H?

tor = {01=B) 1= pr(s)
+K[1—p1"( —Amﬂ}e“ﬂo, @)

2nT
AfBwi
r) = : 3)
V) Afwam +4(f = fo)?

nL/c, “)

T

where K is the excitation ratio of the unwanted ESOP, p is the
depth of resonance curve, ABL is the phase difference between
two ESOPs after one-round trip in the resonator, L and n are
the length and the effective refractive index of the WRR, c is
the speed of light, o is the loss of coupler, I is the power
of laser, A frwnm is the full width at half maximum, and fy is
the resonance frequency of WRR. The resonance curve will
be asymmetric if the two resonance dips of the two ESOPs are
close, which is shown in Fig. 4(a). Compared with Fig. 2(a),
the resonance asymmetry of the silica WRR is probably
caused by the polarization error. The phase difference between
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Fig. 4. (color online) (a) Calculated resonance curve when the excita-
tion ratios of unwanted ESOP are 0 and 0.1; (b) relationships between
gyro bias deviation and phase difference between two ESOPs, asym-
metric degree, and phase difference of two ESOPs. The excitation ratio
of unwanted ESOP is 0.1.

two ESOPs after one round trip in the resonator determines the
asymmetric degree of the resonance curve. Figure 4(b) shows
that the asymmetric degree reaches the highest points when the
distance between two ESOPs is close to the half-width of res-
onance. According to the result of Fig. 4(b), the trend of gyro
bias deviation is the same as that of the asymmetric degree.
Figure 4(b) shows that the bias deviation from polarization er-
ror can be reduced by separating two dips of ESOPs.

3.2. Difference in loss between normal modes

In evanescent field directional couplers, there are gener-
ally two normal modes, i.e., a symmetric mode and an an-
tisymmetric mode. Each of these normal modes may have
different loss in traversing a coupler, which leads to a result
that the phase difference between the through port and the
cross port of a directional coupler deviates from 7 /2. Accord-
ing to the work by Youngquist ez al.,!'"! the resonance curve is
plotted in Fig. 5(a). To plot the black curve, the loss for the an-
tisymmetric mode is set to be 1 — p? = 20 percent and the loss
for the symmetric mode is set to be 1 — p_% = 40 percent with
a waveguide ring transmission of pg = 0.98. The loss of the
symmetric mode is set to be equal to the loss of antisymmetric
mode for the red dash line. Figure 5(a) shows that the reso-
nance curve will be symmetric when the losses for two normal
modes are the same. Otherwise, the resonance curve will be
asymmetric. Comparing with Fig. 2(b), the resonance asym-
metry of the silicon nitride WRR is probably caused by this
source. Assuming that the loss for the antisymmetric mode
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Fig. 5. (color online) Influence of normal modes loss. (a) Calculated
resonance curves. Red curve: losses for two normal mode are differ-
ent; black curve: losses for two normal mode are the same; (b) rela-
tionships between gyro’s bias deviation and the loss for the symmetric
mode while the loss for the antisymmetric mode is 1 — p? = 10 percent.
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is 1 — p2 = 10 percent, figure 5(b) is obtained while the loss
for the symmetric mode varies. It shows that the asymmet-
ric degree grows as the difference in loss between two normal
modes increases. When the loss for the symmetric mode is
11— pi = 0 percent, the RIOG bias error is calculated to be as
high as 6.06 rad/s.

4. Discussion and solutions

From the above analysis, it can be concluded that the dif-
ference in normal mode loss can lead to a very strong asym-
metry in the resonance curve. This asymmetry can be elim-
inated by using a different structure of resonator. There are
two kinds of ring resonators, i.e., transmission resonators and
reflector resonators, which are shown in Fig. 6. Considering
the differential normal mode loss in the coupler, the resonance
curve of a transmission resonator is more symmetric because
all the output light beams have the same phase shift.!!!l The
modulation frequency is another factor that affects an RIOG
bias error. The modulation frequency is always optimized to
maximize the slope of the center part of the demodulated curve
output from LIA, which is shown by blue dots in Fig. 7. How-
ever, an RIOG with modulation frequencies A f>; and Af>; has
a bigger bias error than an RIOG with modulation frequencies
Af11 and Afi2. Moreover, the small difference between modu-
lation frequencies for LIA1 and LIA?2 can reduce the bias error
according to Fig. 7. Therefore, the difference between modu-
lation frequencies for LIA1 and LIA2 is recommended to be
not too big but also the backscattering noise can be reduced.
The modulation frequencies for LIA1 and LIA2 are supposed
to be optimized for each specific WRR.

A B
(a)
A B
(b)
C D

Fig. 6. (color online) Schematic diagrams of (a) reflector resonator, and
(b) transmission resonator.
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Fig. 7. (color online) Plots of slope of demodulated signal from LIA1
versus modulation frequency f] and zero points of the demodulated sig-
nal from LIA1 versus modulation frequency f;. The resonance curve is
the same as the black line in Fig. 3(a).

5. Conclusions

The resonance asymmetry phenomenon in a waveguide-
type ring resonator optic gyro has been theoretically analyzed.
The polarization error and difference in normal mode loss are
discussed in detail. After analyzing their influences on gyro
bias error, it is found that the bias error is not only determined
by the RAR of the resonance curve but also varies with dif-
ferent source. A transmission resonator is recommended to
obtain a better resonance curve based on the analysis. Proper
modulation frequencies in clockwise (CW) and counterclock-
wise (CCW) directions can reduce an RIOG bias error.
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