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Fig. 1 Schematic diagram of scattered light spectrum
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Fig. 3 Basic structure of Brillouin fiber optical gyroscope

P H R 2 25 R R g SR SR T S B P MR
T4 | e R AEORE D T B T

Ay LK G 27 B 2 B0 A R (R Jl A B IR BOE A
L PR R AE R 5 AR AR Y AT LI RO A% 2 A LD
SFREARPE— 2 R R i H B ORI . R I S 4 2
TR A G ET LA 0 A5 AN [ A o 14 A1 L 9K
WOLES SR J5 XA HLIK DG 27 B B A4 WF 50 1k Ji R AT 2504

3.1 mEINEH
3.1.1 A EMARHEE SR

SR SBS f i B 5 AR IE AR G, A A AR
BRI DR OB R AR 23 08 PCF Bl % 3t 15 4 v w1k
T AR e A HL DR 38 25 R 8, B TR T AR R R A
#£ CO, .SF, .CH, .N, . Ar.Xe &2 = SR A BTy
A BLUK RS 5 [ AR A B/, — M B MHz 249, ik
Z 10 MPa LA B BLPHER 56 7T 35 %] 10~45 MHZ" ,

Yang %1 5@ 1 6] 25 5 PCF th %8 A @ JE CO, K
k358 SBS, 7E 4. 1 MPa S & F LM T 4 320 MHz
B A B RS , e Te 24 3. 65 MHz, 7 BL K 48 25 2R %k
ik 8.56X10 " m/ W, &l AL EF 1 6 1%, AT,
T2 A BA A 330 — i SR 7 R A AR (AR A L DK O 7%
A e B 0 A 2R B AR SR v, AR A L UK OB AR an
4 R o (B AR R TR R o 2 B A o 0o 20
(1 42 G Pk AN M SR = L 1 20 T SBS 7SR A T
B E A

(a) 50 m, 41 bar COp-filled
ECDL HC-PCF

Pump
@ IEDFA LB [@]—
' e [Signal } 95%
JrS"/w PD

Q0
< AOM > @)
PC RF spectrum analyser

et 25 _ -

= — Lasing spectrum g::’ 2

T 5| — Spontancous spectrum z *

= TS 66 kiiz

=, Z

SASF 205

z g 00 0 300

5 L ¥ — Vg (kHz)

o 1 5 =

= X10

B05t 3.66 MHz

o,

7

0 1 1 1 L
-10 8 6 4 -2 0 2 4 6 8 10
Frequency ¥ — /g (MHz)

P4 AR AT IHEOR R

[13]

(OIEA LR ER (b AR S Z A B IHEUR T
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spectra

3.1.2 HAEMEAEESE

WARAY R SBS 19 3 55 32 B 32 Wi AR Ak 2R 4l R
M) 5 2% Jo0 2 W A0 43 25 T O BE o= B 40k o TG B
T i o8¢ 65 TR0 A 1 AT o7 36 0 B8 A5 o o RO WA
A iR SBS 4 W 5% 78 35 JC AL AR (H, O, CClL, . CS, |
TCl, 259" A ML K (CH, . C,H, . C,H; O, F #
A D W WS < I 1 7 N SN < B . N
HIHEOCER I R WK 5 proc . B ardRiE B9 JCHLIR

M H, O i A BLIH G 25 R B9 3.8 X 10 " m/W,
CS, My 25 RBCR D 290 H,O 125 R 50m 18
VS WL CoH, 19 SBS 1 55 R B L 2
N H,O B85 RBH 7 AE . BT R A PL A
O F IR T 5 A A, DR TG ML TR Y A B DK £k
INTZHCE LR, Hob CS, 72 A 1 28 SBS it 4k
FE)h 52. 3 MHz, AL A H i CoH,, BT ™ A2 19 B
75 SBS £ i 410 222 MHZ "™, 44 W A #E 1)

1906004-3



25 49 % 219 B1/2022 £ 10 B/ EEX

Acoustic
Qg ~1-10 MHz

0 @wq@%m
¥ i

20

8
Iy (kH2)

|
~
o

0 L L L Dy
1.2 1.4 1.6 1.8
Input power (uW)

Stokes power (dBm)
8

&
<]

o~
< o Experiment
—— Analytical solutions
- = = Numerical solutions
L 1

L L
0 0.5 1.0 1.5 2.0
Input power (uW)

|
-
i=]
o
T

-110

Pl 5 I AR AT BRSO RR

Experiment

107

3

< 1%8_ Anti-Stokes [le]  Stokes

z e

£ Simulation

105 ‘ ‘
b1 | |

1 i . I 1 ‘ i
40 50 60 70 80 920 100 110 120
Frequency (MHz)

Ca) 8 T A4 0 v 19 5 o A EEL O BB 2o 7 5 (b R T AR 3R 8 v A BL KA B APE R B8 18T 5 (o &2

A BN S 6 R 5 6 TR 5 (D 32 BINECH 6%

Fig. 5 Superfluid Brillouin laser™® .

(a) Backward Brillouin scattering process in superfluid optomechanical resonator;

(b) schematic illustration of the Brillouin interaction in superfluid system; (c¢) SBS peak power versus pump laser power;

(d) SBS spectra
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Fig. 6 As,S,-doped Brillouin fiber laser™ . (a) Experimental setup of Brillouin fiber laser; (b) output spectra with different

coupling devices
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Fig. 8 Typical whispering gallery mode optical microcavities. (a) Microcolumn cavity™*” ; (b) microsphere cavity

(¢) microtoroid cavity
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Fig. 9 Micro optical gyroscope based on Brillouin scattering. (a) Optical gyroscope based on SBS with SiO, microcavity

[82] |

(b) optical gyroscope based on SBS with Si; N, waveguide
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Review on Stimulated Brillouin Scattering Effects and Their Applications
in Integrated Optical Gyroscopes

Liu Chenchen, Gao Chengchun, Yang He , Xu Xiaobin, Song Ningfang

School of Instrumentation and Optoelectronic Engineering, Beihang University, Beijing 100191, China

Abstract

Significance Stimulated Brillouin scattering (SBS) is a typical third-order optical nonlinear effect describing the
coupling between coherent light and phonon, which is the strongest nonlinear effect in the materials. Since the first
realization in quartz and sapphire crystals in 1964, more work has been performed to study the SBS in various media, such
as optical fibers, optical microcavities, gases and fluids. For the properties of narrow-linewidth and opposite-direction of
the light generated by SBS, SBS lasers have many potential applications in the fields of laser, optical sensing, and
optoelectronic devices related to fast and slow lights.

Optical gyroscope is an all solid-state angular velocity sensor based on the Sagnac effect with the advantages of high
precision and high reliability. It has three main categories: ring laser gyroscope (RLG), fiber optical gyroscope (FOG)
and micro optical gyroscope (MOG). RLG is sensitive to angular velocity by resonant laser beat frequency detection,
which has the advantage of high stability of scale factor, but it has harsh requirements on the fabrication process.
Interferometric fiber optical gyroscope (IFOG) owns the advantages of relatively simple structure and easy process, but
the scale factor is not as stable as that of RLG. To improve the precision, hundreds or even thousands of kilometers of
fiber are required to be accurately wound onto the ring-pillar. After decades of study, RLG and IFOG have been widely
used in many optical sensor fields and navigation systems. In recent years, with the rapid development of autonomous
driving, unmanned aerial vehicle and satellite platform, the demand for miniaturization and high precision of gyroscope is
put forward, while the traditional gyroscope is difficult to meet these new requirements.

The sensing element of a resonant optical gyroscope is fiber ring or waveguide resonator. It only needs tens of meters
of fiber or an on-chip microcavity with the diameter of millimeters to realize high-precision gyroscope, which is helpful for
the miniaturization of the whole gyroscope devices theoretically. Based on the criterion that whether or not there is a laser
source generated inside the fiber cavity, resonant optical gyroscope can be classified into active and passive ones,
respectively. Subject to the disadvantages in linewidth, stability, various optical noise and complexity of the system, the
passive fiber gyroscope is still under research in the laboratory, not completely used in real devices. On the other hand,
with the continuous progress of nanophotonics and microfabrication technology, the active optical gyroscope based on SBS
laser generation in the microcavity, combining both the advantages of laser gyroscope and traditional fiber optical
gyroscope, provides a new way for the study of the miniaturized and integrated optical gyroscope. Theoretically, it could
realize the excellent gyroscope with the advantages of easy integration, low threshold, high gain, large dynamic range and
high sensitivity. However, the study on the micro-resonator Brillouin gyroscope has not reached such a high level yet.
Therefore, it is meaningful to advance the study on the micro-resonator (such as microcavity, waveguide) Brillouin
gyroscope for the development of integrated optical gyroscope and extend their applications in the real civil devices,
weapons, and navigation systems.
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Progress The basic parameters to characterize the stimulated Brillouin scattering effect mainly include the full width at
half maximum (FWHM) of Brillouin gain spectrum, peak Brillouin gain and threshold. For solids and fluids, they are
expressed by different equations, as shown in Eqs. (1)—(5). The Brillouin gain coefficient can be increased by doping and
designing device structure. The corresponding Brillouin parameters in different types of fiber, microcavity, gas and liquid
are summarized in Table 1 and, at the same time, their typical applications are introduced (Figs. 2-5). The research
progress of miniaturized and integrated optical gyroscope based on SBS in the fiber and microcavity is thoroughly
introduced (Fig. 6), including the study of exceptional point to achieve optical gyroscope with ultra-high sensitivity
(Fig. 7).

Conclusions and Prospects Stimulated Brillouin scattering laser plays an important role in the field of miniaturization
and integration of active resonating optical gyroscope. In this paper, the SBS effect and its corresponding applications in
different media are detailedly summarized. Especially, the SBS effect is an important tool for the integration and
miniaturization of optical gyroscope both in the fiber and micro-resonator systems. Hence, the studies on the SBS fiber
optical gyroscope and micro-resonator gyroscope are reviewed to provide the recent progress of the integrated optical
gyroscope. More interestingly, exceptional point excited in the optical microcavity has been found to own the possibility of
significantly enhancing the sensitivity of the gyroscope, paving a new avenue for the study of a highly sensitive integrated

optical gyroscope.

Key words scattering; stimulated Brillouin scattering; Brillouin laser; optical gyroscope; micro-cavity; exceptional
point

1906004-15



