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Abstract: This experiment demonstrated the resonance asymmetry phenomenon in the resonant
fiber optic gyro. The asymmetry of resonant curve affects the system open-loop bias and its stability,
which directly affects the accuracy of angular velocity measurement. In this paper, a new mathematic
model is established. The influence of the coupler normal mode loss difference (the phase difference
between the coupler cross port output optical field and direct port is less than the ideal 71/2) on
the symmetry of resonant curve, the resonant signal modulated by the triangular wave, and the
demodulation curve are analyzed. Moreover, the asymmetry of the resonant curve leads to the
asymmetry of the resonant signal, as modulated by the triangular wave and the demodulation curve
from the theoretical simulation and the experiment.
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1. Introduction

Gyro is an inertial sensor for the rotation rate measurement [1]. At present, fiber optic gyro,
micro-optic gyro, laser gyro has great development potential because of its own advantages [1-8].
Resonant fiber optic gyro (RFOG) based on the Sagnac effect has the advantages of high sensitivity and
large dynamic range [2]. When compared with the traditional interferometric fiber optic gyro (IFOG),
RFOG can achieve the same detection precision as IFOG with a much shorter fiber length, which gives
evident superiority in the further integration, as well as improves its application value in the fields of
navigation, aerospace, defense industries, and guidance systems [1-9].

RFOG is a kind of high-precision angular velocity sensor based on the optical Sagnac effect. It can
detect the angular velocity information of the gyroscopic rotation by detecting the resonance frequency
difference of the clockwise (CW) and counterclockwise (CCW) light waves that are caused by rotation.
However, the optical Sagnac effect has an extremely weak effect in a RFOG system. The working
frequency of the laser is as high as 193 THz. When the diameter of the optical fiber resonant ring of the
RFOG system is 15 cm and the rotational angular velocity is 1 deg/s, the resonant frequency difference
caused by rotation is only 116 Hz. Thus, detecting the signal of several hundred Hz at such a high
working frequency is very difficult. Meanwhile, when the external environment, including temperature
and stress changes, the laser’s center frequency and the resonant frequency of the fiber ring resonator
(FRR) will also change. Therefore, directly measuring the resonance frequency difference of the CW
and CCW light waves caused by the rotation using the RFOG system is extremely difficult; in addition,
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appropriate modulation and demodulation techniques are needed to improve the sensitivity of the
signal detection system [9]. In a single closed-loop RFOG system, the triangular wave modulated
signals with different frequencies are used to modulate the CW and CCW light waves. One of the
light waves is processed by a field-programmable gate array (FPGA) based digital detection control
circuit, whereas the FPGA output feedback signal controls the center frequency of the laser. Thus,
the laser is locked into the resonant frequency of this light wave. Afterward, the demodulation curve
of the output signal of the other light wave will reflect the resonant frequency difference of the two
light waves to achieve the angular velocity measurement. If the resonant curve is asymmetric, the
demodulation curve is asymmetric, which will result in the laser’s center frequency being unable to be
locked to the resonance frequency of one of the light waves. Thus, this phenomenon affects the system
open-loop bias and its stability, which directly affects the angular velocity measurement accuracy.

Stokes et al. reported a FRR composed of a single mode fiber for the first time in 1982 and found
the resonance asymmetry in the resonant curve measurement [10]. They also explained and analyzed
the resonant curve asymmetry in 1983 [2]. The normal mode loss difference of the coupler will result in
the phase difference between the coupler cross port output optical field and the direct port is less than
the ideal 7t/2. Thus, the resonant curve appears asymmetric phenomenon [10,11]. R. Carroll found that
the phase difference between the cross port output optical field and the direct port in the coupler with
low /high coupling coefficients is different from 7t/2. To form a high-resolution resonator, using coupler
with low /high coupling coefficients is necessary [12]. A coupler with low /high coupling coefficients
can also be used into a FRR of the resonant fiber optical gyro; thus, the phase difference between
the coupler cross port output optical field and direct port is less than the ideal 71/2, resulting in the
asymmetry phenomenon of the resonant curve. Zhejiang University has also conducted an in-depth
study on the asymmetry phenomenon of the resonant curve due to the normal mode loss difference
of the coupler [13]. In a RFOG, the coupler factor is not the only factor that causes the asymmetry
phenomenon of the resonant curve. Polarization fluctuations [14], optical Kerr effect [15], FRR ambient
temperature fluctuations [16], backscattering [17], and other factors can cause the resonant curve to be
asymmetric. However, the phase difference between the coupler cross port output optical field and
direct port is less than the ideal 7t/2, which is the most important factor affecting the asymmetry of the
resonant curve [13].

In this paper, a new mathematic model is established. The influence of the normal mode loss
difference of the coupler (the phase difference between the coupler cross port output optical field
and direct port is less than the ideal 71/2) on the symmetry of the resonant curve, the resonant signal
modulated by the triangular wave, and the demodulation curve are all analyzed in detail. At the
same time, the asymmetry of the resonant curve will lead to the asymmetry of the resonant signal
modulated by the triangular wave and the demodulation curve from the theoretical simulation and
the experiment.

2. System Structure of Resonant Fiber Optic Gyro

RFOG system structure is depicted in Figure 1. The laser light emitted by a narrow-line-width
semiconductor laser is divided into two equal power beams by a 50:50 coupler C1 after passing
through an isolator. The two light beams passed through the LiNbO3 phase modulator (PM)1 and
PM2, respectively, which are modulated by the modulated signals of different frequencies. Afterwards,
the two beams are incident to the FRR through the circulators (CIR), namely, CIR1 and CIR2, in the
CCW and CW directions, respectively. C2 is the coupler connected to the FRR. Finally, the two light
beams are output to photodiode (PD) 2 and PD1 via CIR2 and CIR1, respectively. Among the light
waves, the CW light wave is processed by the FPGA-based digital detection control circuit. Afterward,
the FPGA output feedback signals to control the center frequency of laser; thus, the laser is locked into
the resonant frequency of the CW light wave. At this moment, the output optical signal of the CCW
light wave can reflect the resonance frequency difference of the CW and CCW light waves. Moreover,
the rotational angular speed can be obtained after being processed by FPGA.
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Figure 1. System structure of RFOG. (FPGA: field-programmable gate array, PD: photodiode, PM:
phase modulator, C: coupler, and CIR: circulator).

3. Model Establishment and Simulation Results

3.1. Resonant Curve

The transmission process of one of the light waves in the FRR is depicted in Figure 2a. The incident
light wave is divided into two beams from the Port 1 through the coupler. A light wave is directly
output from Port 4, whereas the other light wave enters the FRR from Port 3. After propagating a circle,
the light wave enters the coupler again through Port 2. A part of the light wave is output through
Port 4, while the remaining part of the light wave enters the FRR again from Port 3 and continues to
propagate in the cavity. Using analogy, when the light wave propagates one circle into the resonator,
a part of the light wave is output from Port 4 of the coupler C2, and the light waves output from Port 4
are superposed on each other. Multiple beam interference occurs. Moreover, the optical field complex
amplitude and the light intensity of Port 4 are the results of multiple beam interference. If the optical
field complex amplitude of port i is denoted by E; (where i = 1, 2, 3, 4), then the ratio of the optical
field complex amplitude of Port 4 to the incident light is E4/E; , while the ratio of the light intensity of
Port 4 to the incident lightis | E4/E; | 2,

Input E1 4 Output E4

phase changed by (P1
(from port 1 to 3)

Fiber Ring
Resonator

(from port 2 to 4)
phase changed by (PZ

(a) (c)

Figure 2. (a) Transmission process of one of the light waves in FRR. (b) The phase is changed by

@1 from port 1 to 3. (c) The phase is changed by ¢, from port 2 to 4. (E;: the optical field complex
amplitude of port i is denoted).

If the light passes through the cross port of the coupler C2, the phase changes by 7t/2. When the
light wave passes through the cross port to reach the inside of FRR or passes through the cross port to
reach the outside of FRR, the phases both change by 7/2. Multiple beam interference occurs among the
light waves arriving at Port 4 through the direct port and the light in the FRR that is constantly coupled
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to Port 4. Only when the light satisfies a certain optical frequency, then it can result to the resonance
phenomenon. Furthermore, the output curve of Port 4 presents a downward depression (power is 0 or
small). Thus, if | E4/E; |2 takes a minimum value, then it meets the FRR resonance conditions.

However, if the light wave passes through the cross port of coupler C2, the phase change is less
than the ideal 7t/2. To further discuss the effect of the phase difference between the output optical
field of the coupler cross port and the direct port being less than the ideal 7t/2 on the output optical
power, we need to analyze the simultaneous equations satisfied by the optical field of each port and
solve the ratio of the optical field complex amplitude of Port 4 to the incident light E4/E; and the
ratio of the light intensity of Port 4 to the incident light | E4/E; | 2. As shown in Figure 2b, c, the light
phase from Port 1 to Port 3 is changed by ¢4, and the light phase from Port 2 to Port 4 is changed
by ¢,. The optical power coupling ratio between the coupler direct port and cross port is k:(1 — k).
The remaining percentages of the optical power that is caused by insertion loss of the coupler and
transmission loss of the fiber ring are p. and p1, respectively. The light wave frequency entering the
FRR is v. The time required to enter the ring fiber resonator from Port 3 to propagate 1 circle to reach
Port 2 is 7. The g-th resonant frequency is v, that is, v; = q/7. When the light wave frequency entering
the FRR satisfies v = v, the light wave resonates in the FRR. Then, the output optical field complex
amplitude of each port can be expressed as

Ey = /pre ™7E;, (1)
E3 = &1, /(1 —k)pcE1 + v/kocEa, )
Ey = /kocE1 + 92,/ (1 — k)pcEa. ©)

Combining Equation (1) to Equation (3), the ratio of the optical field complex amplitude from
Port 4 to Port 1 can be expressed as

&P (1 —k)pc
Ve T — ko

where ¢ = @1 + 2. The left and right sides of Equation (4) are modeled and then squared. In addition,
the optical power ratio from Port 4 to Port 1 can be expressed as

E
Ef = Vkpe + 4)

2 2v/k cos(2mvT — VPPL(1 —k — 2k
I = Ea”_ oe|k+ (1= k) /pepL- Vkcos(2mvT — go) + \/Pepr cos o) , 5)
Ey 1+ kpepr — 2+/kpcpr, cos 2T

where I is the normalized intensity. If the light passes through the cross port of coupler C2, the phase
changes by 7t/2, that is, ¢1 = ¢2 = /2. Then, the ratio of the optical field complex amplitude from
Port 4 to Port 1 can be expressed as

E,

k)pc

= Vkpc — (1 — .
/pilelz VT _ /kpC

Similarly, the left and right sides of Equation (6) are modeled and then squared. The optical power
ratio from Port 4 to Port 1 can be expressed as

(6)

P Y PO [ YD B o
Ey 1+ kpepr — 2+/kpcpr cos2mvT

On the basis of the analysis above on the transmission process of light waves in FRR, the resonant
curve can be simulated. The main simulation parameters are as follows: the splitting ratio and insertion
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loss of coupler C2 are 95:5 and —0.4 dB, respectively; the FRR transmission loss is —0.2 dB. If the light
passes through the cross port of coupler C2, then the phase is changed by 7/2, that is, ¢g = 7. Thus,
the resonant curve is a signal with symmetry, as shown in Figure 3a. If the light wave passes through
the cross port of coupler C2, then the phase change is less than the ideal 7t/2, that is, ¢g # 7. Thus,
the resonant curve is a signal with asymmetry. Figure 3b—d lists the cases of ¢y = 0.957, 0.907, and
0.857, respectively. The results showed that the resonant curve is not symmetrical. The reason is that
the light passing through the coupler C2 is not orthogonal, and the phase change that is caused by
non-orthogonal coupling mode is less than the ideal 7t/2, which will directly cause the resonant curve
to be asymmetric. Moreover, the degree of asymmetry of the resonant curve is related to the degree of
@o that deviates from 7. The greater the degree of ¢( that deviates from 7, the greater the degree of
asymmetry of the resonant curve.

(a) P = 1.007 I
1
2n(v-vy)r
—4n -2 0 2n 4n Sn
(b) ¢o=0.95n I
[
2a(v-vy)r
-4n -2 0 2n 4
(¢) o=0.90% I
1
2a(v-vy)r
-4n -2 0 n 4
((l) o= 0.857 I
1
2a(v-v,)r
-4 -2 0 24 4n

Figure 3. Simulated resonant curve of ¢y = (a) 1.00 71, (b) 0.957, (c) 0.907, and (d) 0.857.

3.2. Modulation and Demodulation

Suppose the center frequency of the laser output light wave is vy, that is, the center frequency of
the light wave that is not modulated is vy, and the initial phase is 1. Then, its complex amplitude can
be expressed as

E(t) = Egel @mit+v1), 8)
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The frequency of the light wave incident to the FRR at this time is v = v1.. Suppose the presence
of a modulation signal, whose amplitude, frequency, and initial phase are V},, f and ¢, respectively.
This modulation signal is loaded into the phase modulator. Afterward, the light wave is modulated by
the phase modulator, v # vy. The complex amplitude of the modulated light wave can be expressed as

E(t) = Eoej[Zﬂth-‘rl/Jl-f-%VPP(Zﬁft—H/Jg)]’ ©9)

where V; is the half-wave voltage of the phase modulator, and P(-) is a phase modulation function.
When the resonant signal is modulated by the triangular wave,

P(x) = %arcsin(sinx). (10)
The differential of P is 4P(x) )
X) oy 2

o P'(x) = 7Tsgn(cos x), (11)

where sgn(:) is a sign function. The laser’s frequency is changed slowly to let v to vary slowly
and linearly over time ¢. The complex amplitude of the light wave that has been modulated can be

expressed as
E(t) — Eoej[zﬂ f VL(t)df-I-%VpP(Zﬁft-H[Jo)} . (12)

The frequency v of the light wave incident to the FRR at this time can be expressed as

= %.% {Zn/vL(t)dt + %VPP(%[ft o) | = vi(t) + %fop’(znft +90). (13)

Combining Equations (13) and (5), the optical power ratio of Port 4 to Port 1 can be expressed as

E4

1

1=

2 o 2\/Ecos{27'r[VL(t)+ﬁfoP’(27rft+wo)]szpg}+\/m(lfkf%cos 90)
- Pc{k + (1 N k) VPePL: 1+kpCpL—2,/kpchcos{Zn[vL(t)+%foP’(27rft+l/Jg)}t} (14)

Equation (14) represents the expression that is satisfied by the phase-modulated resonant signal.
By substituting Equation (11) into Equation (14), we can obtain the expression that is satisfied by the
resonant signal modulated triangular wave, as follows:

[ ‘ v:vL(t)+V2—n Vp fsgn|cos (27t ft-+1p)]

_ - '2\/EC05{27T{VL(’5)+V%[fosgn[cos(ZﬂfH»lpo)]}T*(po}ﬁ»\/m(lfkukcos ®0) (15)
= Pc{k + (1 k) v/ PcPL 1+kpch72\/kpch cos{Zﬁ{vL(t)+%fosgn[cos(Zﬂftﬂpo)]}t}

When the resonant signal is modulated by the triangular wave, then P/(x) = 2/7m-sgn(cos(x)) = +
2/m. From Equation (13), v is fluctuating & 2V,f /Vr on the basis of vL (). The demodulation curve
is the difference between I(v = v (t) + 2Vpf/Vz) and I(v = v (t) — 2Vpf /V ). The corresponding
expression of the demodulation curve can be expressed as

D(t) = I|ymv (t)42vp /v — 1
= (1 =k)pey/pepL
{ 2\/%cos[ZT[(VL(t)Jr%fo)Tf(po]+,/pch(17k72kcos ) (16)
1+kpch72MCOS[ZN(VL(t)fﬁvpf)T]
B 2\/Ecos[27t(v1_(t)f‘/Z—T[fo)Tf(po]nL\/m(lfkukcos<p0) }
1+kpCpL72\/kpch COS[ZT[(UL(t)+%fo)T] )

v=v(t) -2V f/Vr

On the basis of the analysis above on the modulation and demodulation process, the resonant
signal modulated by the triangular wave and the corresponding demodulation curve can be simulated.
As shown in Figure 4, if the light passes through the cross port of coupler C2, then the phase is changed



Sensors 2018, 18, 696 7 of 11

by mt/2, that is, ¢g = 7. Thus, the resonant curve is a signal with symmetry. According to Equation (7),
when v = v, cos 2mvT takes the maximum value of 1, while | E4/E; | 2 can get the minimum value.
At the same time, the resonant signal modulated by the triangular wave and the corresponding
demodulation curve are symmetrical. The abscissa O; of the resonant frequency, the abscissa A; of
the lowest point of the resonant curve, and the abscissa B; of the zero point of the demodulation
curve completely coincide with each other. The linear region of the demodulation curve |1Cy1Cy; |
is also symmetrical, that is, | C11B1 |=1B1C1z |. The center frequency of the laser is finally locked at
the zero point of the demodulation curve. Thus, the center frequency of the laser can be accurately
locked at the resonant frequency of the light wave. As shown in Figure 5, if the light wave passes
through the cross port of coupler C2, then the phase change is less than the ideal 7t/2, that is, ¢y # 7.
Supposing that ¢y = 0.97, then the resonant curve is a signal with asymmetry. At the same time,
the resonant signal modulated by the triangular wave and the corresponding demodulation curve
are asymmetrical. According to Equation (5), whenv =v,, |E4/E| 2 cannot get the minimum value.
The abscissa O, of the resonant frequency, the abscissa A, of the lowest point of the resonant curve, and
the abscissa By of the zero point of the demodulation curve cannot coincide with each other. The linear
region of the demodulation curve | Cy1Cp; | is also asymmetrical, thatis, | C1Bp | #1ByCyy | . Therefore,
the central frequency of the laser cannot be accurately locked into the resonant frequency of the light
wave, which affects the system open-loop bias and its stability and directly affects the angular velocity
measurement accuracy.

(a) 1
Resonant Curve
12 -% 01 (A 1,31) i ' % zn(:._\.q).r
(b)
A - T ] L -
4 ”H H g w M * Resonant Signal Modulated
LD ) by the Triangular Wave
. - 0 ) :: ) - Zn'(v;_-\'q)r
(c) Demodulation Curve
C11
N = B1 Ciz z = 2a(vi-vo)T

Figure 4. When ¢ = 7, (a) simulated resonant curve, (b) simulated resonant signal modulated by the
triangular wave, and (c) simulated demodulation curve.
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Figure 5. When ¢( = 0.97, (a) simulated resonant curve, (b) simulated resonant signal modulated by
the triangular wave, and (c) simulated demodulation curve can be obtained.

4. Experimental Results and Discussion

As shown in Figure 1, we set up a RFOG system. To conduct a comparative experiment, we only
change the coupler C2 connected to the FRR, while keeping the rest of the components of the RFOG
system unchanged. We chose the couplers C24 and C24 from two different companies. The basic
parameters of both couplers in the test sheet are similar. However, the normal mode loss difference
of the coupler in the test sheets is not mentioned. A triangular wave with a frequency of 1 Hz
and a peak-to-peak value of 1 V is produced by an arbitrary waveform generator to slowly change
the frequency of the narrow linewidth semiconductor laser. The resonant curve observed from the
oscilloscope when the coupler connected to the FRR is C24; is shown in Figure 6a. The asymmetry
phenomenon in the experiment almost completely agrees with the asymmetry phenomenon shown
in Figure 3b—d of the simulation results. We hypothesize that the asymmetry of this resonant curve
is mainly caused by the normal mode loss difference of the coupler. Thus, we replace the coupler
C24 connected with the FRR with the coupler C24, which solves the resonant curve asymmetry.
The resonant curve that is observed from the oscilloscope is shown in Figure 6b. Thus, the resonant
curve is a symmetrical signal. The experimental result is almost completely consistent with simulation
result shown in Figure 3a.

(a)
S
Time (20ms/div)
(b)
I _
E
Time (20ms/div)

Figure 6. Measured resonant curve of the two different couplers connected to FRR. (a) C24;; (b) C24.
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The resonant curve, resonant signal modulated by the triangular wave, and the corresponding

demodulation curve observed from the oscilloscope when the coupler connected to FRR is C24; are
shown in Figure 7. Thus, the resonant curve is a signal with asymmetry. At the same time, the resonant
signal modulated by the triangular wave and the corresponding demodulation curve are asymmetrical.
The abscissa Ay’ of the lowest point of the resonant curve and the abscissa By’ of the zero point of the
demodulation curve cannot coincide with each other. The linear region of the demodulation curve
I Cp1'Coy' | is also asymmetrical, that is, | Co1'By’ | # | By/Cpp’ | Therefore, the central frequency of
the laser cannot be accurately locked into the resonant frequency of the light wave, which affects
the system open-loop bias and its stability, and directly affects the accuracy of the angular velocity
measurement. The asymmetry phenomenon in the experiment almost completely agrees with the
asymmetry phenomenon shown in Figure 5 of the simulation results. The resonant curve, the resonant
signal modulated by the triangular wave and the corresponding demodulation curve observed from
the oscilloscope after the coupler C24 connected with the FRR is changed with the coupler C2y
are shown in Figure 8. The abscissa A1 of the lowest point of the resonant curve and the abscissa
By’ of the zero point of the demodulation curve completely coincide with each other. The linear
region of the demodulation curve |Cy1'Cyp’ | is also symmetrical, that is, |Cy1'By'| = 1B/Cyo’ |
The center frequency of the laser is finally locked at the zero point of the demodulation curve. Thus,
the center frequency of the laser can be accurately locked at the resonant frequency of the light wave.
The experimental result is almost completely consistent with simulation result shown in Figure 4.

T " Resonant Curve

g" § Resgnfmt jisnal
; é Modulated by

the Triangular Wave

—
Demodulation Curve

ChBiA: Ch

Time (5ms/div)

Figure 7. Measured resonant curve, resonant signal modulated by the triangular wave, and demodulation
curve, when using coupler C24; connected to FRR.
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Figure 8. Measured resonant curve, resonant signal modulated by the triangular wave, and demodulation
curve, when using coupler C24 connected to FRR.

5. Conclusions

Resonance asymmetry phenomenon in RFOG is found in the experiment. In this paper, a new
mathematic model is established. The influence of the normal mode loss difference of the coupler
(the phase difference between the coupler cross port output optical field and direct port is less than the
ideal 7t/2) on the symmetry of the resonant curve, the resonant signal modulated by the triangular
wave, and the demodulation curve are all analyzed in detail. At the same time, it is proved that the
asymmetry of the resonant curve will lead to the asymmetry of the resonant signal modulated by
the triangular wave and the demodulation curve from the theoretical simulation and the experiment.
The resonant curve asymmetry will affect the system open-loop bias and its stability, which directly
affects the angular velocity measurement accuracy. Therefore, the analysis of the factor that affects the
symmetry of the resonant curve is of great significance to improve the sensitivity of the gyroscope.
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