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Abstract— A critical element for inertial navigation is precise
knowledge of the angular kinematics which are measured using
gyroscopes. Optomechanics has been shown to be the most
sensitive scheme for measuring mechanical motion [1, 2]. In this
paper, we demonstrate electrostatic actuation and optical sensing
of orthogonal wineglass modes on a silicon-on-insulator (SOI)
platform as a fundamental building block for a Coriolis force
measuring z-axis bulk acoustic wave (BAW) gyroscope [3]. To
measure the wineglass modes, we monitor the laser light
modulation from changes in the waveguide to ring resonator
coupling due to the mechanical motion.
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I. INTRODUCTION

Various angular kinematics measurement schemes have
been proposed and implemented ranging from electrostatic
Coriolis force measuring schemes to phase shift measurement
in optical fibers. The electrostatic schemes are chip-scale but
are limited in displacement sensitivity by amplifier noise and
sampling clock rate. Fiber optic gyroscopes (FOG) are
extremely sensitive and robust, but are not yet chip scale. We
propose a scheme for measuring the Coriolis force using on-
chip optomechanics to achieve both the small form factor
possible from micro fabrication techniques and high sensitivity
from photonics.

II.  EXPERIMENT

The silicon optomechanical resonator was fabricated on a
SOI wafer (the fabrication process is detailed in [4]). Fig.1 is
an SEM of the device showing the resonator’s two
mechanically coupled rings. Electrostatic actuation benefits
from doping and metallization as it leads to lower insertion
losses. This, however, introduces free-carrier losses for the
optics. The design presented here allows us to decouple the
electrostatic actuation from the optical sensing. The
mechanical mode of one ring (actuator side of Fig.l) is
electrostatically actuated and the coupling structure is
designed to couple the motion to the optical cavity ring (BAW
resonator side of Fig.1). A conventional A/2 coupling beam
around 22 MHz would need to be about 175um long, making
it unfeasible from a fabrication point of view. Instead, we
design a structure with a mechanical resonance at the
wineglass mode frequency and a node at the central ground
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Figure 1: SEM showing the two mechanically coupled rings. Ring outer
radius is 15um, ring width is 3.7um, driven mode spoke radius is 2.12um,
sense spoke radius is 1.75um, waveguide to resonator gap is 90nm, and
electrode to resonator gap is 100nm

anchor point to reduce anchor losses. The motion of the
optical cavity ring changes the optical cavity to waveguide
coupling rate, which then modulates the light in the
waveguide. The ring suspensions have been designed taking
into account the orientation of the silicon crystal axes to
achieve a mode-split of 80 KHz between the wineglass modes
at 22 MHz.

Fig.2 shows a schematic of the setup used for the
measurement. One ring is electrostatically actuated by the two
electrodes placed so as to preferentially drive the wineglass
mode. The electrodes are driven by a DC-biased RF signal
from port 1 of the network analyzer. Continuous wave (CW)
laser light is coupled to the on-chip waveguide through optical
grating couplers. The on-chip waveguide couples light into the
optical cavity ring and the transmitted light through the
waveguide is incident on a photodetector to measure the

| |

Port 1] Network

Bias tee Photodetector |
New Focus 1811 Zr:i]lgrffr
Port 2
% IN5230A

Polarization| €W Laser
controller | TS| 510

0®

Figure 2: Schematic of the measurement setup. The left ring is
electrostatically actuated with a DC+RF drive from the network analyzer.
The resulting mechanical motion in the second ring modulates the CW
laser in the waveguide which is measured by the photodetector.
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Figure 3: Transmission spectrum of the optical mode used in the
experiment

resulting RF modulation on port 2 of the network analyzer.
This gives a S,; measurement of the wineglass mode signal.

III.  RESULTS

Fig.3 shows the optical transmission spectrum (at latm) of
the optical mode used in this experiment with a loaded optical
Q of 61,000 measured at 0 dBm input optical power from a
1550nm laser. The 27 dBm insertion loss is primarily from the
optical grating couplers. For the transmission spectrum
measurements (at 1.6*10”° mbar) we biased the laser blue
detuned from the same optical mode. Fig.4 shows the S,
amplitude of the two wineglass modes at 22 MHz (drive) and
22.12 MHz (sense) with mechanical Q’s of 11,500 and 7,670,
respectively, and measured with an electrostatic drive of
Vpc=4V and P5c=-8dBm. The frequency mismatch of 120 kHz
is close to the designed mode spacing of 80 kHz (see fig. 4
inset for modes shapes), which was designed with the eventual
goal of a mode mismatched operating gyroscope.

The optomechanical transduction scheme is designed such
that the waveguides are placed at the nodes of the 22 MHz
(drive) mode and at the anti-nodes of the 22.12 MHz (sense)
mode. Even though the waveguide is at the node of the drive
mode, optomechanical path length changes from the shape of
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Figure 4: S;; measurement of the mechanical wineglass modes. Insets are
the Comsol simulated mode shapes of the respective drive (22 MHz) and
sense (22.12 MHz) modes

the drive mode (left resonant peak in fig. 4) result in modulated
light at 22 MHz.

The A/2 coupling beam was designed to decouple the two
rings for the sense mode (22.12 MHz), such that the optical
ring is isolated, and should not be excited by the drive
electrodes. Due to error sources such as electrode misalignment
and cross-axis coupling terms, the electrostatically actuated
ring is weakly coupled to the optical cavity ring, resulting in
excitation of the sense mode at 22.12 MHz. This is why the Sy,
response shows both wineglass modes.

The resonant signal measured at the drive frequency (left
peak in fig. 4) can be cancelled through differential optical
pickoft. This differential scheme, which will be implemented
in the future, uses two optical waveguides positioned at the out
of phase spatial locations of the sense wineglass mode (as
shown in fig. 1). The driven wineglass mode is a “common
mode” and will be in phase on the two waveguides, resulting in
a suppressed signal amplitude in this differential measurement
[5]. The feedthrough signal measured at the sense frequency
can be reduced through improved suspension isolation and
error correction electrodes. While these error sources need to
be compensated and corrected, the measurement of the two
resonance peaks is a significant first step towards
demonstrating this architecture as a viable optomechanical
gyroscope (OMG).

IV. CONCLUSION

We have shown an on-chip silicon optomechanical system
with an electrostatically driven wineglass mode at 22 MHz and
optically sensed orthogonal wineglass mode at 22.12 MHz. A
transmission spectrum measurement was performed in vacuum
with a measured loaded optical Q of 61,000, mechanical Q’s of
11,500 and 7,670 for the drive and sense wineglass modes
respectively, and a measured frequency split of 120 KHz which
is very close to the designed split of 80 KHz. The goal of this
optically interrogated BAW resonator system is for it to be
used as a Coriolis force sensing z-axis gyroscope.

REFERENCES

[11 A. Schliesser, G. Anetsberger, R. Rivire, O. Arcizet, and T. J.
Kippenberg,“High-sensitivity monitoring of micromechanical vibration
using optical whispering gallery mode resonators,” New Journal of
Physics, vol. 10, no. 9, p. 095015, Sep. 2008.

[2] T. J. Kippenberg and K. J. Vahala, “Cavity opto-mechanics," Optics
Express, vol. 15, no. 25, p. 17172, 2007.

[3] H. Johari and F. Ayazi, “Capacitive bulk acoustic wave silicon disk
gyroscopes,” in Electron Devices Meeting, 2006. IEDM '06.
International, Dec. 2006, pp. 513-516.

[4] S. Sridaran and S. Bhave, “Opto-acoustic oscillator using silicon MEMS
optical modulator," in Solid-State Sensors, Actuators and Microsystems
Conference (TRANSDUCERS), 2011 16th International, Jun. 2011, pp.
2920-2923.

[5] M. Palaniapan, R. Howe, and J. Yasaitis, “Performance comparison of
integrated z-axis frame microgyroscopes,”" in IEEE The Sixteenth
Annual Inter-national Conference on Micro Electro Mechanical
Systems, 2003. MEMS ’03 Kyoto, Jan. 2003, pp. 482-485.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /ArialMT
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




