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ABSTRACT

Ultra-low-loss micro-scale optical resonators have advanced
to a point where Q factors of nearly 1 billion (monolithic devices
[1,2]) and 100 billion (discrete devices [3]) are possible. These
resonators have many applications including use for high-
coherence compact lasers. Counter-propagating laser waves in
these resonators can potentially enable the transfer of ring laser
gyroscope technology to a semiconductor chip-based platform.
Here, a monolithic optical gyroscope is described that uses
counter-propagating Brillouin lasers to measure rotation through a
Sagnac-induced frequency shift. Demonstration of rotation
measurement below the Earth rotation rate is presented. Prospects
for improving the device performance are described.

INTRODUCTION

Optical gyroscopes (ring-laser gyroscopes [4] and fiber-optic
gyroscopes [5]) provide high-performance rotation sensors.
However, MEMS-based rotation sensors, on account of their
compact semiconductor-chip-based form factor and low cost,
dominate consumer applications [6]. Nonetheless, the advent of
monolithic optical resonators [7] has generated interest in chip-
based analogs to the ring laser or fiber-optic gyroscope. Being
lightweight with no moving parts, such micro-optical gyros [8]
would be highly insensitive to shock and vibration. Moreover, their
reliance on the Sagnac effect could potentially allow them to out-
perform MEMS devices. To date, however, the performance of
micro-optical devices has severely lagged behind MEMS devices
on account of difficult-to-achieve requirements for low-loss chip-
based waveguides and high Q-factor optical resonators. Recent
reports of micro-optical gyroscopes suggest that this landscape is
beginning to change.

Both crystalline-based and silica-based optical rotation
measurements have recently been demonstrated with performance
that greatly exceeds prior micro-optical-gyro efforts [9, 10]. These
devices use advanced ultra-high-Q (UHQ) optical resonators [1-3].
In the resonators, light propagates in a circular, ‘whispering-
gallery’ optical path. For example, a recent monolithic UHQ silica-
on-silicon ridge resonator is described in figure 1 [2]. Figure 1A
shows a scanning electron micrograph of the resonator. At the far
right is a silicon nitride waveguide (false color red) that couples
light into the resonator near a region circumscribed with a dashed
box in the image. As illustrated, light couples into a counter-
clockwise path shown by the yellow arrow. In a gyro
measurement, Sagnac-induced changes in the resonant frequencies
of clockwise and counter-clockwise optical modes are measured to
detect rotation. The silicon nitride waveguide in the image can also
function as an optical bus to convey the light to other devices on
the chip for processing. In figure 1B a concept rendering of a dual
optical gyroscope is presented that would use two of the ridge
resonator devices for redundant measurement. Other photonic
components and electronics are shown on the chip. These can
include III-V detectors and lasers that are die-attached at the wafer
scale [11,12].

In this presentation, Brillouin laser physics is first reviewed
and then Brillouin gyro measurements are described. Finally, ways
to improve the gyro performance are discussed.
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BRILLOUIN LASER GYROSCOPES

Stimulated Brillouin scattering (SBS) has been intensely
studied in silica optical fiber [13]. It results from the interaction of
an optical pump wave with microwave-rate phonons. The
application of this process for rotation sensing was also
demonstrated using optical fibers in the 1990s [14].
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Figure 1: A. SEM image of an ultra-high-Q ridge resonator with a
silicon nitride waveguide (false red color). White arrow shows the
direction of light coupling and yellow arrow shows circulation
within the resonator. Dashed white box is the waveguide-resonator
coupling region. This material originally appeared in ref. [2]. B.
Concept rendering of a dual-gyro chip. Component color coding
as follows: silicon nitride waveguides (red lines), electrical traces
(silver lines), laser sources (black), detectors (brown), modulators
(turquoise), loop-control  electronics  (gold), and readout
processing electronics (blue).

To initiate Brillouin laser action, a resonator mode is optically
pumped as shown in the figure 2A (blue pump line). The ultra-
high-Q of the resonator leads to a strong build-up of the circulating
intensity. 10s of MW/cm? of circulating intensity is possible with
only 1 mW of coupled optical pump power. This high-intensity
field couples to phonons in the silica glass and, subject to a phase
matching condition, will scatter off the phonons into other optical
modes. In the whispering-gallery resonator, the scattering will
efficiently couple the clockwise pump in figure 2A into a counter-
clockwise “Stokes” resonant mode provided that the frequency of
the Stokes mode is spectrally shifted relative to the pumping
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frequency by the Brillouin shift frequency (Qpyijouin in figure 2A).
For pump wavelengths in the telecom C-band (1.55 microns) this
frequency shift is approximately 10.8 GHz [13]. Moreover, in the
high-Q resonator environment, the Brillouin coupling causes
optical amplification of the Stokes wave. Upon sufficient optical
pumping, this amplification overcomes the resonator loss and the
Stokes wave will achieve laser threshold. Continued pumping
above threshold causes a dramatic line narrowing of the Stokes
laser field. In silica devices, this line narrowing achieves sub-Hertz
fundamental linewidths [15]. Curiously, the Stokes laser wave can
ultimately function as a pumping wave for a second Stokes wave,
thereby setting up cascaded laser action in the resonator [15]. A
measurement of the optical cascade process out to 9™ order is
shown in figure 2B [15]. As shown in figure 2A each Stokes wave
is shifted to lower frequencies and also switches the direction of
propagation relative to its pumping wave. This natural switching of
propagation direction sets up an ideal situation for measurement of
rotations. Specifically, adjacent Stokes laser lines will experience
opposing Sagnac-induced frequency shifts. To measure rotations, a
neighboring pair of laser fields is photo-detected and the beat
frequency is measured.

The sensitivity of this method of rotation measurement
depends upon the fundamental linewidth of the beat note, which, as
noted above, is sub-Hertz [15]. Additionally, because the counter-
propagating Brillouin lasers are co-lasing within the same cavity,
the technical noise contributions to their respective linewidths are
largely common-mode-noise. As a result, heterodyne detection of
the Brillouin laser waves produces a sub-Hertz beat frequency
[16].
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Figure 2: A. Principle of operation of gyroscope based on counter-
propagating Brillouin laser oscillation. Stokes laser waves are
shown in orange. Neighboring Stokes waves propagate in opposite
directions and therefore experience opposing Sagnac frequency
shifts. Qpinouin 1S the Brillouin shift frequency. B. Measurement of
SBS cascaded laser action out to 9" order. The odd orders are
prominent in the measurement because the light output was
collected in a direction opposite to the pumping direction. C.
Photograph of a disk resonator gyro packaged in a brass box with
fiber connectors.

ROTATION MEASUREMENT

The current work uses a silicon-chip-based ultra-high-Q disk
resonator [1] to generate counter-propagating Brillouin lasers for
rotation measurement [9]. A photograph of a resonator packaged
into a small box for rotation measurement is shown in figure 2C.
Light is coupled into and out from the box by fiber connectors.

88

When the resonator is rotated about an axis perpendicular to the
plane of the disk, the counter-propagating Brillouin lasers
experience opposing Sagnac frequency shifts. The impact of
clockwise and counter-clockwise rotations on SBS 2™ Stokes and
SBS 3" Stokes wave is illustrated in figure 3A and 3B. The
measured beat frequency of these two waves (with a constant
microwave-rate offset removed) is displayed in figure 3C when the
resonator is subjected to a sinusoidal rotation. It is interesting to
note that a 90-degree relative phase shift is observable between the
rotation angle (blue) and Sagnac frequency shift (red) as is
expected since the frequency shift is proportional to an angular
rotation rate. Initial work on this device was able to measure
rotations rates as low as 22 degrees/hour [9].
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Figure 3: A. Rendering showing counter-propagating 2"* and 3"
Stokes waves in a whispering gallery resonator that is subject to a
clockwise rotation. In this arrangement, the 2" Stokes wave
decreases in frequency and the 3 Stokes wave increases in
frequency, thereby causing a net decrease in their beat frequency
subject to the Sagnac effect. B. Similar to panel A except resonator
is now rotated in the counter-clockwise direction so that the beat
frequency is increasing. C. Sinusoidal rotation measurement. Blue
curve is the rotation angle and red is the measured Sagnac
frequency shift generated by mixing Stokes 2 and Stokes 3 waves.
This material originally appeared in ref. [9].

Improvements to the system have now boosted the bias
stability to around 3.6 degrees/hour (see figure 4). In the newer
design, the device is no longer being operated in cascaded fashion,
but is using a dual-optical-pumping configuration. Allan deviation
measurements of the beat frequency are presented in figure 4
(normalized to an equivalent rotation rate) for two different
gyroscope resonator diameters. At short gate times, the system is
limited by white frequency noise that is set by the fundamental
linewidth of the co-lasing Stokes waves. At longer gate times,
there is a drift component that is believed to be associated with
thermal drift of the package. The overall improved performance of
the larger diameter device is the result of its inherently smaller



fundamental linewidth, its larger Sagnac coefficient, and its larger
cavity mode volume which reduces drift. In these measurements
there are no active thermal control circuits. Methods underway to
address the drift component will be discussed as well as prospects
for further reductions in the white frequency noise associated with
the Stokes laser action.
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Figure 4: Allan deviation measurement performed on two disk
resonator devices having different diameters (see legend).
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