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A resonator fiber optic gyro with the light time-division input and multiplexing output (TDM-RFOG) in the
clockwise (CW) and counterclockwise (CCW) directions is proposed. The light time-division input in the CW
and CCW directions can effectively suppress the backscattering induced noise. The TDM-RFOG is implemented
with the 2 x 2 Mach-Zehnder interferometer (MZI) optical switch. The response time of the fiber ring resonator
is analyzed, and it is demonstrated by experiments that light time-division input in the CW and CCW directions
can reduce the backscattering induced noise. The suppression effectiveness of backscattering induced noise in the
TDM-RFOG is determined by the extinction ratio of the optical switch, so a closed loop is designed to adjust the
phase shift difference between the two arms of the MZI optical switch to control the extinction ratio. The method
using two arms of the MZI optical switch with twin 90° polarization-axis rotated splices is proposed to make the
extinction ratio along both slow and fast axes greater than —70 dB.
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The resonator fiber optic gyroscope (RFOG) measures the
rotation rate by comparing optically resonant frequency
shifts between the clockwise (CW) and counterclockwise
(CCW) directions in a passive fiber ring resonator?. The
resonator optic gyro development efforts are motivated by
the theoretical potential to meet navigation grade perfor-
mance in a smaller size and lower cost than ring laser gyros
(RLGs) and interferometric fiber optic gyros (IFOGs)22.

Optical backscattering is the major challenge for the
RFOGY. The backscattering noise source includes the
intensity of the backscattered light (intensity term) and
the interference between the signal and the backscattered
light (interference term)Y. To eliminate the noise due to
the intensity term, the frequencies of phase modulation to
obtain the resonance point in the CW and CCW directions
are fixed to be different from each otherZs. To eliminate
the noise due to the interference term, the double phase
modulation technique is proposed to improve the carrier
suppression level?, Wu et al. verified the use of two
independent phase-locked lasers to overcome the interfer-
ence term noise. Liu et al. demonstrated the sideband
locking technique to suppress the carrier and the interfer-
ence term noise’?. The carrier-suppression phase modula-
tion does suppress the backscattering induced noise, but it
also introduces the residual intensity modulation induced
noise22,

The light time-division input in the CW and CCW
directions can simultaneously suppress the noise induced
by the intensity term and the interference term. Suzuki
et al. proposed time-division switching between the CW
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and CCW light waves by a 1 x 2 MZI optical switch to
reduce the backscattering induced noise in the resonator
integrated optic gyroscope?, and Khial et al. recently pro-
posed a structure of a resonator integrated optic gyroscope
using a 1 x 2 MZI optical switch”2. However, in general,
the phase control accuracy of an MZI optical switch is
(2%—-5%) V ,, so the extinction ratio of the optical switch
is about —25 dBLY, which is not sufficient to completely
suppress backscattering induced noise. In this Letter, a
closed loop is designed to adjust the phase shift difference
between the two arms of a 2 x 2 MZI optical switch to
improve the extinction ratio.

The multiplexing output scheme has the advantage
of simplifying the electronics circuits and using the
same signal processing scheme for CW and CCW waves.
Iwatsuki et al. proposed a closed-loop operation based
on a time-division switching scheme in a resonator inte-
grated optic gyroscopel, where the same signal process-
ing scheme is used for CW and CCW waves. Song et al.
presented the structure of a three-axis time-division multi-
plexing IFOG system™.

In this Letter, we propose an RFOG with light time-
division input and multiplexing output (TDM-RFOG)
in the CW and CCW directions. The TDM-RFOG is real-
ized by a 2 x 2 MZI optical switch. A closed loop is
designed to adjust the phase shift difference between the
two arms of a 2 x 2 MZI optical switch to control the ex-
tinction ratio and thus improve the suppression effective-
ness of backscattering induced noise in the TDM-RFOG.
The multiplexing output scheme can reduce the drift and
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MZI optical switch

Fig. 1. Schematic configuration of the RFOG.

noise of the RFOG induced by the error and noise differ-
ence between the CW and CCW signal processing circuits.
This work could provide a technical support for future
work on integrated optical gyroscopes.

Figure 1 shows the schematic configuration of the
TDM-RFOG system. All the fibers and couplers are part
of the polarization maintaining operation. The light
source is coupled to the slow axis of the polarization main-
taining fiber. The phase modulator is used to determine
the resonance line center, and a triangular wave is applied
on the phase modulator?. After phase modulation, the
light enters a 2 x 2 MZI optical switch to implement
the light time-division input in the CW and CCW direc-
tions. The 2 x 2 MZI optical switch is composed of the
couplers C1 and C2 and the PZT1. The coupling coeffi-
cients of the couplers C1 and C2 are designed as 0.5
and 0.5, respectively. The coupling coefficient of coupler
(3 is designed as 0.05, which is used to build the fiber ring
resonator (FRR). P1 and P2 are in-line polarizers. PZT1
is used to adjust the phase shift difference between the two
arms of the MZI optical switch. PZT2 is used to adjust the
cavity length of the FRR to make the light source fre-
quency at the resonance line center.

In the TDM-RFOG, the 2 x 2 MZI optical switch is the
key device that implements the light time-division input
and multiplexing output in the CW and CCW directions,
as shown in Table 1. In this Letter, the time slots with the
phase shift difference A¢ of 0 and z are called cross time-
slot and through time-slot, respectively.

At the cross time-slot, the signal light and the leaked
light of the MZI optical switch are output at the 4-port
and 3-port, respectively, then arrive at the 3-port and
4-port, respectively, after passing through the FRR and
then, reversely, go through the 2 x 2 MZI optical switch
and finally reach PD1 and PD2, respectively. At the cross

Table 1. Multiplexing output in the CW and CCW
directions

A¢ Signal light Leaked light

0 1 to 4 (CW), 1to 3, 3 to 4,
4to3,3to2 4to1l

P 1 to 3 (CCW), 1 to 4, 4 to 3,
3to4,4to02 Jtol

time-slot, the output of the MZI optical switch provides
the CW wave of the RFOG.

At the through time-slot, the signal light and the leaked
light are output at the 3-port and 4-port, respectively,
then arrive at the 4-port and 3-port, respectively, after
passing through the FRR and then, reversely, go through
the 2 x 2 MZI optical switch and finally reach PD1 and
PD2, respectively. At the through time-slot, the output
of the MZI optical switch provides the CCW wave of
the RFOG.

Whether at the through or cross time-slot, the leaked
light of the 2 x 2 MZI optical switch finally reaches
PD2. PD2 is used to monitor the power of the leaked light
of the 2 x 2 MZI optical switch. At the cross time-slot, the
CW wave reaches PD1 and PD1 can obtain the informa-
tion about the frequency deviation between the resonance
line center of the CW direction and the source frequency.
At the through time-slot, according to the information
about the frequency deviation, the resonance line center
of the CW direction moves to the source frequency by
PZT2. At the same time the CCW wave reaches PD1
and PD1 can obtain the rate of rotation.

The response time of the FRR is a key parameter of the
system. The switching time of light time-division input in
the CW and CCW directions would be limited by the
response time of the FRR. The input light field of the
FRR can be written as

E(t) = Egeion, (1)

where F'r and w, are the amplitude and the center circular
frequency of the input light field, respectively.

When the input light of the CW path is switched off, the
electric field inside the FRR in the CW direction with
respect to the time can be written as

E(n7) =

=K 3 (T )"

x ¢ i@ot2af,)me (2)

where K is the coupling coefficient of C3, y is the insertion
loss of C3, 7 = n,L/cis the traveling time in the FRR, L is
the cavity length, n, is refractive index, c is the speed of
light, and f, is the frequency of the working point. The
cavity finesse F' can be derived as

3)

The cavity length L =10 m, the coupling coefficient
K = 0.05, and the insertion loss y = 0.07. After calcula-
tion, the finesse of the FRR is 50. When the time is at
4F - =10 ps, the light intensity inside the FRR is
1071°E%. Therefore, when the time is at 4F - 7 = 10 ps,
the backscattered light induced by the residual signal will
not affect the performance of the TDM-RFOG.
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When the input light of the CW path is switched on, the
output field of the FRR in the CW direction with respect
to the time can be written as

E(n7) = EReint{ A—p)(I—K) —(1—pK
X Xn: [ (1 — )/)(1 — K)]mfl ei(wo+27rfu,)mf}' (4)
m=1

Figure 2 shows the output intensity of the FRR with
respect to the time. After calculation, when the time is
at F -7 =25 ps and 4F - 7 = 10 ps, the output intensity
can reach 99.2% and 99.9995% of the final stable intensity,
respectively. Therefore, the frequency of the square signal
applied on the optical switch should be less than 100 kHz.

In the RFOG, the signal light and the backscattered
light on the detector can be written as'™

E, = Epe it (5a)
E, =R, - Epe i@t+d) (5b)

where the amplitudes of the CW and CCW waves are
equal, both Ep and ¢, are the phases of the signal light,
£ is the ensemble averaged phase of the backscattered
light, and R, is the equivalent reflection ratio.

In the TDM-RFOG, the total intensity on the detector
can be given as

I = E})+ Tpxr - RyEG 4 2/ Texr - RyET cos(pq — &),
(6)

where Tgxt is the extinction ratio of the optical switch.
The suppression effectiveness of the backscattering noise
including the intensity term and interference term de-
pends on the extinction ratio of the optical switch. When
the output power of the light source is 1 mW, the diameter
of the FRR is 0.1 m, the cavity length of the FRR is 10 m,
the finesse of the FRR is 50, and the synchronous demodu-
lation output corresponding to 1(°)/h is about
—60 dBmY. The ratio R%} of the FRR with the cavity
length 10 m is about 107*~107°, so the backscattering
and backreflection induced error in the RFOG is about
1(°)/s-5(°)/s2. When the extinction ratio reaches
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Fig. 2. Output intensity of the FRR with respect to the time.

Optical Switch

/\/\ e oy Ciator

Laser TIsolator

jy S—
Comparison 7

Experiment P
3dB Coupler

Circulator

Fig. 3. Schematic configuration of the experiment.

—70 dB, the powers of the backscattered light and the in-
terference term are about —120 dBm and —60 dBm, re-
spectively, and the bias stability of the TDM-RFOG
can reach 1(°)/h.

Next, the relationship between the extinction ratio and
the suppression effectiveness of backscattering induced
noise is experimentally analyzed. Figure 3 shows the sche-
matic configuration of the experiment. A 1 x 2 optical
switch is used to implement light time-division input in
the CW and CCW directions, and the extinction ratio of
the optical switch is —25 dB. An in-line polarizer is in-
serted into the FRR to suppress the error caused by polari-
zation fluctuations. The frequency of triangular wave
applied on the phase modulator is 200 kHz, and the fre-
quency of square signal applied on the optical switch is
5 kHz. In the comparison experiment, the optical switch
is replaced by a 3 dB coupler, which can be regarded as
an optical switch with an extinction ratio of 0 dB. The
interference term is the dominant noise source in the
RFOGY and, according to Eq. (6), the interference term
2y/Text Ry E% cos(p, — €) can be reduced by —12.5 dB in
theory when an optical switch with the extinction ratio of
—25 dB is used. Figure 4 shows the RFOG outputs with
an integration time of 1 s. The bias stability of the RFOG
with an optical switch is 0.16(°) /s, and the bias stability of
the RFOG with a 3 dB coupler is 2.55(°)/s. With an
optical switch having an extinction ratio of —25 dB, the
bias stability is improved by 12 dB. Therefore, theoretical
analysis is consistent with experimental results. In order to
further improve the suppression effectiveness of backscat-
tering induced noise, the extinction ratio of the optical
switch needs to be improved.
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Fig. 4. RFOG output.
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Next, the extinction ratio of the 2 x 2 MZI optical
switch along the slow axis is analyzed. At the 3-port
and 4-port shown in Fig. 1, the output field of the optical
switch along the slow axis can be given by

By(1)=FEo| y/Firy/epe @04 Tk T=hy vt 240 |

(7a)
B4(8) = B[y YT Ry 00 4 Ty gt 9]
(7b)

where F| is the amplitude of the output field of the light
source, A¢ is the phase shift difference between the two
arms, and k; and k, are the coupling coefficients of the
couplers C1 and C2 along the slow axis, respectively.
At the 3-port and 4-port, the output intensity of the
optical switch along the slow axis can be given by

Py = Po[kle + (1= k) (1 — ky)

—2VE (1 — k) k(1 — ky) cos A¢], (8a)

Py = Po[lﬁ(l — ko) + (1 — ky)ky

+ 2k (1= F)ko(1— ko) cosAp],  (8D)
where Py = E2. Therefore, the extinction ratio of the
switch along the slow axis can be derived as

Texr = 101%(P3/P4)- 9)

Figure 5 illustrates that the extinction ratio of —70 dB
can be obtained when k; and &y are 0.4999-0.5001 and A¢
is £0.0004 rad. In general, the phase control accuracy of
the MZI optical switch is (2% — 5%) V, (corresponding to
0.06-0.15 rad), so the extinction ratio of the optical switch
is about —25 dB, which is not sufficient to completely sup-
press backscattering induced noise. Therefore, a closed
loop is required to adjust A¢ to suppress the inevitable
thermal drift.

Next, a closed loop is designed to adjust A¢ to suppress
the inevitable thermal drift. When the full range voltage
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Fig. 6. Output signal of PD2.

(00000-3FFFF) of the 18 bit DA used on PZT1 corre-
sponds to 2V ., A¢ = +0.0004 rad is equivalent to
+16LSB. In order to maintain the extinction ratio greater
than —70 dB, a square-wave signal with an amplitude less
than 16LSB is superimposed on the switching signal to
monitor the power of the leaked light along the slow axis,
as shown in Fig. 6(a). At the cross time-slot, the power of
the leaked light reaching PD2 along the slow axis can be
written as

P(t) = Po{k1k2 + (1= k)1 — k)

— 2k (L= k) (1 — k) cos[Ag + g (D],
(10a)

—p, —1)2f, <t<1/fy’ (10b)

¢L(t)={ ?, 0<t<1/2f
where ¢7 () is the square-wave signal with the frequency f
that is different from the switching frequency of the optical
switch. The output signal of PD2 is shown in Fig. 6(b).
The output of synchronous demodulation can be
derived as

1/2f; 1/f1
aPuag) = [ Pyode— [ pyoyar
0 1/2f1,

= Po{2v/l T = F)k(1— k)

% [cos(A + @) —cos(ap — )]}, (11)

where ¢ is shown in Eq. (10), and AP, (A¢) is used to
adjust the DA voltage on PZT1. When AP, (A¢) equals
0, the extinction ratio can be greater than —70 dB.

In addition to the leaked light Pj, the light falling on
PD2 includes Pgy,q. (the backscattering and backreflec-
tion of the signal light) and Pg .t (2 small part of
the output signal light). The output intensity of the light
source is 1 mW, and the component of Pgqy,.4 at the
frequency f; is about —120 dBm, so Pgy.q will not
affect the synchronous demodulation output of PD2.
The component of Pg gy part at the frequency f;, is about
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90° CCW

90° CW

Fig. 7. Two arms with twin 90° polarization-axis rotated splices.

—100 dBm-140 dBm, 80 Pg_gypart Will also not affect the
synchronous demodulation output of PD2.

The extinction ratio of the optical switch along the slow
axis will be affected by the unwanted polarization eigen-
state along the fast axis. Because the polarization extinc-
tion ratio of the couplers C1 and C2 is about —30 dB,
when the extinction ratio along the slow axis reaches
—70 dB and along the fast axis reaches —40 dB, the ex-
tinction ratio along both slow and fast axes can be greater
than —70 dB. According to Eq. (9), the coupling coeffi-
cients along the fast axis need to be 0.499-0.501 and
A¢ needs to be +0.02 rad.

The scheme of two arms with twin 90" polarization-axis
rotated splices is proposed to make the extinction ratio
along both the slow and fast axes greater than —70 dB,
as shown in Fig. 7. The phase shift of the upper arm along
the fast axis can be given by

2
Q= 7(”\|L1 + nLLQ)a (12)

where L; and L, are the length of the two segments of the
upper arm respectively, and n| and n, are the refractive
indices of the fast and slow axes, respectively. The phase
shift of the upper arm along the slow axis can be given by

27

The effect of the temperature on the phase shift
difference between the two polarization eigenstates of
one arm can be given by

= a[i_” (n) — nl)ALM}/aT, (14)

where ALy = Ly — Lo is the length difference between
two segments of one arm and T is the temperature.
The relationship between the refractive index and the
temperature is 0(ny; — n;)/0T =7 x 1077°C~'. When the
length difference ALy, = 2 mm, dA@p/0T =0.0056 rad/°C.
And when the temperature fluctuation is controlled in the
range of 7°C, A¢ can be within +0.02 rad. Therefore A¢
can be with £0.02 rad by controlling the temperature fluc-
tuation in the range of 7°C. If the extinction ratio along
the fast axis cannot reach —70 dB, the in-line polarizers
P1 and P2 shown in Fig. 1 can be used to attenuate
the unwanted polarization eigenstate along the fast axis.
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Fig. 8. Control of the extinction ratio.

Based on the above analysis, the control process of the
extinction ratio of the optical switch is simulated, as
shown in Fig. 8. In Fig. 8, k; and ky are set to 0.4999,
the amplitude of the square-wave signal ¢ is set to
0.0004 rad, and the noise of the output signal of the 18
bit DA used on PZT1 is equivalent to 5LSB. Figure 8
illustrates that the extinction ratio of the MZI optical
switch can reach —70 dB.

In conclusion, an RFOG with the light time-division
input in the CW and CCW directions is designed. The
2 x 2 MZI optical switch implements the light time-
division input and multiplexing output in the CW and
CCW directions. The response time of the FRR is ana-
lyzed, and it is demonstrated by experiments that light
time-division input in the CW and CCW directions can
reduce the backscattering induced noise. The suppression
effectiveness of the backscattering noise depends on the
extinction ratio of the optical switch, so a closed loop is
designed to adjust the phase shift difference between
the two arms of the MZI optical switch to control the
extinction ratio. The method using two arms of the
MZI optical switch with twin 90° polarization-axis rotated
splices is proposed to make the extinction ratio along both
the slow and fast axes greater than —70 dB.

This work was supported by the Shanghai Aero-
space Science and Technology Innovation Fund
(No. SAST2015076).
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