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Abstract:

Optical gyroscopes are widely used for precision navigation and there has been growing
interest in the possibility of integrated optical gyroscopes. In this talk, we report a chip-
based Brillouin laser gyroscope with Earth-rotation-rate sensitivity.
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OCIS codes: (140.3945) Microcavities; (140.3370) Laser gyroscopes; (290.5900) Scattering, stimulated Bril-
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Optical gyroscopes, which utilize Sagnac effect [1] for rotation sensing, are among the most accurate rotation
measuring devices and are generally used for precision navigation systems. Modern optical gyroscopes enhance
the Sagnac sensitivity using a long coil of optical fiber (fiber optic gyroscopes [2]) or by recirculation of laser wave
within active ring resonators (ring laser gyroscope [3]). The enhanced performance is orders of magnitude better
than that of micro-electro- mechanical-systems (MEMS) rotation sensors which are widely used in consumer
electronics.

With the recent advance of integrated photonics, there has been growing interest in creation of chip-based optical
gyroscopes [4]. Such integrated optical gyroscopes could enjoy the advantages of compactness and scalable man-
ufacturing similar to MEMS gyroscopes. In addition, chip integration would offer extreme robustness in operation
of optical gyroscopes. Compact or chip-based analogues of ring laser [5, 6], fibre-optic [7] and passive-resonant
gyroscopes [8—10] have been reported so far.

In optical gyroscopes, the rotation sensitivity depends upon the linewidth of the beat note of counter-propagating
laser waves, and the fundamental linewidth of lasers is of crucial importance on their performance. One way to
achieve narrow laser linewidth is to harness Brillouin scattering process, which results from the interaction of
an optical pump wave with acoustic phonons (Figure 1b). Brillouin process has been intensely studied in silica
optical fibers [11] and more recently in photonic integrated circuits [12]. In particular, Brillouin process within a
ring resonator can be used to generate stimulated Brillouin laser (SBL) showing sub-Hz fundamental linewidth
limited by thermal occupation number of the resonator [6, 13, 14]. The application of SBLs for rotation sensing
was demonstrated using optical fibers in the 1990s [15, 16] and integrated optics in recent years [5, 6]. Our initial
work on chip-based Brillouin laser gyroscope was able to measure rotations rates as low as 22 °/h [5]. However,
this earlier gyroscope demonstration used cascaded Brillouin lasers circulating in opposite directions and showed
large bias drift.

In this talk, we report our recent demonstration of Brillouin Laser gyroscopes with improved performance [17].
In stead of using cascaded Brillouin lasers, counter-propagating Brillouin lasers are generated within the same
cavity mode by pumping the resonator from both directions (Figure 1a). To avoid a rotation deadband induced
by injection-locking via back scatter [3], nonzero pump detuning (Av, < 1 MHz) was introduced (Figure 1c¢).
This near-degenerate mode of operation offers improved stability. The photo-detected beat note of the counter-
propagating SBLs provides audio frequency readout signal, which relaxes requirements on processing electronics.
The gyro readout beat frequency has a sub-Hz linewidth because of the narrow fundamental linewidth of each SBL
due to the high optical Q factor of the resonator. Moreover, co-lasing of the clockwise and counter-clockwise Bril-
louin Stokes waves suppresses common-mode drift in the beat signal. The residual drift of the dual-SBL (counter-
propagating) beat signal is further reduced by removing the correlated drift of the pump-SBL (co-propagating)
beat frequency (Figure 2a) [17]. The Allan deviation of the gyro signal shows 0.068 °/v/h angular random walk
(ARW) and 3.6 °/h bias stability when using a 36 mm diameter resonator.

We also tested the performance of the Brillouin gyroscope by applying an external sinusoidal rotation. The
gyroscope achieves a rotation amplitude sensitivity as low as 5 °/h . In addition, by applying large rotation am-
plitudes, we confirm that the dispersion from the Brillouin lasing process introduces an additional mode-pulling
correction factor to the conventional Sagnac factor. As a demonstration of gyroscope performance, the Earth’s
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Fig. 1. Principle of Microresonator-based Brillouin Laser gyroscope. (a) Illustration of the dual
stimulated Brillouin laser (SBL) process in a silica wedge-disk microresonator with a tapered fiber
coupler. The green (yellow) solid curve represents pump 1 (pump 2) with angular frequency @,,
(®p,) and the red (blue) solid curve represents SBL 1 (SBL 2) with angular frequency @y, (@y,). The
orange wavy line represents the acoustic phonons with angular frequency Qphonon- (b) The energy
and the momentum conservation constraints in the Brillouin process. A pump wave is scattered into
a Stokes wave and an acoustic phonon. (c) For efficient Brillouin laser action, each Stokes mode
(black with linewidth y and separated from the pump by a multiple of the cavity FSR) lies within the
Brillouin gain band (orange with linewidth I') which is shifted by Qpponon = 47nc; / 7Lp (refractive
index n, speed of sound in silica ¢, and pump wavelength A,) relative to the pump frequency. Due to
the offset Av,, in pump frequencies, dispersion from the Brillouin gain pulls the Stokes lasing modes
by different amounts Av, towards the gain center. In this work, the free spectral range(FSR) of the
microresonator is ~1.8 GHz to match the integer multiple (m = 6) of FSR with the Brillouin shift
Qphonon/27 ~ 10.8 GHz.

rotation was measured by switching the gyroscope axis between North and South directions (Figure 2b, upper
panel). The gyroscope axis was also switched between East and West directions to verify no rotation (Figure 2b,
lower panel). This demonstration of the Earth’s rotation measurement using our Brillouin laser gyroscope shows
the potential of chip-based optical gyroscopes in future inertial guidance systems.

Recent progress on integrated Brillouin lasers indicates further improvement in gyroscope performance is
possible. Combination of higher optical Q-factor [18, 19] and higher Brillouin laser power through suppression
of cascaded operation [20] enables further narrowing of fundamental laser linewidth, which could improve
the gyroscope sensitivity. Operation of the gyroscope near an exceptional point can also enhance the Sagnac
transduction factor [21,22].
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Fig. 2. Performance of Brillouin Gyroscope (a) Allan deviation of measured dual-SBL beatnote

before and after drift compensation. Inset shows raw data used in these measurements. (b) Sagnac

shift frequency versus time while the axis of the gyroscope is switched between North and South

(N-S, upper panel) and East and West (E-W, lower panel) with Avy < 0 (Av, = -500kHz). The

resulting angular-rate change for N-S is close to twice the Earth’s rotation rate (2x15°/h), while

the E-W measurement shows near zero change (histograms at the right panel). Both measurements

show similar residual long-term drift from the environment.
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