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Abstract— A fully integrated MEMS based oscillator using a
MEMS disk resonator is presented. Parameter extraction for a
circuit model of the disk resonator using ANSYS is carried out at
60.6 MHz. A PIERCE oscillator using the disk resonator is
designed. The circuit simulations are presented. The different
specs of the oscillator like frequency, phase noise and frequency
stability are investigated. The effect of the presence of the disk
resonator on the performance of the oscillator is demonstrated.

Index Terms—MEMS, Disk Resonator, Pierce Oscillator,
Phase Noise, Frequency Stability

I. INTRODUCTION

On chip integrated components (resonators and oscillators)
with high quality factor are highly needed for future
communication systems. A traditional oscillator is usually the
off-chip quartz crystal oscillator. In a recent report [4], a
MEMS disk resonator has been implemented on-chip instead
of the off-chip crystal. A quality factor as a high as 48000 has
been reported for the resonator which is suitable for low phase
noise oscillation. The oscillator in the proposed circuit [4],
however, includes several active elements which can still be a
source of non-negligible phase noise.

In this work, we propose a simple fully integrated oscillator
design which implements a disk resonator as well but in which
the number of active elements is strongly reduced. In section II
the MEMS disk resonator structure and principle of operation
are reviewed. The parameters of the MEMS disk resonator are
extracted using ANSYS to complete the oscillator circuit
model [2]. The oscillator design and topology are described in
section III. Finally, in section IV, results of circuit simulations
of the integrated oscillator are presented for different specs
related to frequency, phase noise and frequency stability.

II. MEMS DISK RESONATOR

A. Model

Figure 1 shows the structure of the disk resonator [1]
implemented in our design. The disk is connected to a DC bias
voltage, the input electrode is connected to the input ac
voltage, and the output ac current is taken from the output
electrode through a resistance.

The resonator is constructed as a pair of two-port
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electromechanical transverse transducers, one at the input and
the other at the output, and a mechanical resonator. At one port
the transducer mechanical variables are the force (effort) and
the velocity (flow), while on the other port the electrical
variables are the voltage (effort) and the current (flow) as

shown in Fig.2.
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Fig. 1 Disk resonator structure [1]
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Fig. 2 Transverse Electromechanical Transducer

For small-signal variations around bias voltage the
transducer behaves linearly. The small-signal equivalent
electrical circuit of the transverse transducer is given by the
model [2] shown in Fig.3.
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Fig. 3: Equivalent electrical circuit of the transverse transducer [2].

In the circuit sketched in Fig.3,
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where C, is the static capacitance between the electrodes, v, is
the DC bias voltage between the two electrodes, d is the initial
gap between the two electrodes, y, is the movable electrode
displacement due to bias voltage, k’ is the effective spring
constant due to transduction, I" is the transduction factor.

The mechanical resonator can be modeled by an equivalent
electrical circuit consisting of a capacitor, a coil and a resistor
representing the mass, spring constant and damper. The
mechanical filter is characterized mainly by its resonance
frequency and its quality factor, respectively given by:

k' @)
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where mg is the effective mass of the resonator, Keg is its
effective spring constant, b is its effective damper, f, is the
resonance frequency, BW is the bandwidth, and Q is the
quality factor. Figure 4 shows the equivalent circuit of the
mechanical resonator.
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Fig. 4: Equivalent circuit for mechanical resonator

B. Disk Resonator Design
1) Physical design
An equivalent electrical circuit model of the MEMS disk
resonator to be used in the simulations of the integrated
oscillator circuit is sketched in Fig.5.
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Fig. 5: MEMS disk resonator Model

wherek,, =k o 2k 4

The main parameters that affect the mechanical vibrations of
the disk are its radius and the properties of its material. The
disk proposed here would be made of polysilicon of material
properties [3]: Young’s modulus (150 GPa), Poisson’s ratio
(0.29), and density (2330 Kg/m’). The radius of the
mechanical disk resonator is equal to 45 pm which is designed
for a resonance frequency of 60.6 MHz, Such a frequency is
chosen to allow a comparison between previous work [4]. A
disk thickness of 3 um, an air gap of 0.1 pum and a DC bias
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voltage of 35 volts are designed to achieve a series resistance
of 1.5kQ suitable for oscillation. A quality factor of 50,000 is
assumed [4]. The Anchor radius is equal to 1 pm.

2) Model Parameter Extraction

The parameters for the circuit model of the MEMS disk
filter sketched in Fig.5 are extracted using ANSYS. In a first
stage, a coupled field electromechanical static analysis is done
in order to extract the radial displacement of the disk tips due
to bias voltage; y, = 0.11848nm. An electrostatic analysis is
carried out to extract the static capacitance between the
electrode and the disk; knowing that this is the capacitance in
pico-farads per unit thickness of the disk (in micro-meters); C,
= 0.025092pF/um. y, and C, are used in equations (1) and (2)
to get I' and k’. Finally, a harmonic analysis is done to extract
effective lumped parameters at the tips region of the
mechanical disk resonator.

The frequency response of the mechanical resonator is
displayed in Fig. 6 with input radial force and output radial

displacement.
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Fig. 6: Harmonic response of the mechanical disk resonator. The
displacement per unit force is plotted as a function of frequency.
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As a post-processing, three parameters are extracted from
Fig.6, namely; the resonance frequency, the bandwidth, and
the peak of the curve.

1
Peak =———

279(0 beff

Substituting these three parameters in equations (3) and (5)
we get Mgy, Kegr, and begr.

ANSYS results in a resonance frequency f, = 60.62 MHz, a
static capacitance C, = 0.038 pF, model capacitance C =
0.0348 fF, model inductance L = 0.2 H and model resistance R
=1.51kQ.
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III.

The oscillator design proposed in this work is based on the

OSCILLATOR DESIGN
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PIERCE oscillator topology with an active current mirror
PMOS transistor load which also supplies the bias current to
the NMOS transistor as shown in Fig. 7. Like the crystal
oscillator in the traditional PIERCE oscillator, the disk
resonator is placed between the drain and source of the NMOS
transistor.

< >

Vdd

e e

D

Fig. 7: Proposed PIERCE oscillator using disk resonator.

The oscillator design is carried out using AMS 0.35 pm
technology with MIM capacitors. The role of the resistance
Ryias 18 to give bias to the gate since the resonator is open
circuit in DC due to series resonance. This resistance,
however, is chosen to be IMQ in order to avoid loading the
resonator and degrading its quality factor. It can be
implemented using a MOS transistor operating in cutoff. The
values for C; and C, can be much smaller than those typically
used in a crystal oscillator because there are no restrictions
imposed by the MEMS resonator, and are assumed to be 100
fF. This makes their integration on-chip much simpler. The
output signal is taken at the gate and not at the drain to allow a
larger signal head room and avoid distortion.

IV. SIMULATION RESULTS
The simulation was done using Cadence Analog Design
Environment and the simulator was Spectre.
A. Stability Analysis

First the circuit is simulated for stability to guarantee
oscillation. The loop gain and the loop gain phase are
displayed in Fig. 8.
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Fig. 8: Loop Gain: (Magnitude (dB) and Phase)
The circuit achieves a zero phase positive gain equal to 15.5
dB at frequency 60.573589 MHz which is the normal

resonance frequency of the disk resonator. The very clear
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effect of the high quality factor of the resonator enhances the
phase noise characteristics of the oscillator.

B. Transient Analysis

The results of the transient analysis simulations are shown in
Fig. 8. The circuit shows a startup time of 50 psec and a
stability time of 450 usec. This is roughly equivalent to 27,200
periods. This long startup is ascribed to the high quality factor.
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Fig. 8: Transient analysis results. Signal taken at the gate

C. Phase Noise Analysis

The results of the phase noise simulation are depicted in Fig.
9. Our Design achieves -150 dBc/Hz @ 3 KHz offset. This
performance is superior to that reported by Lin et a/ [4] for
instance. This is due to the fact that only three active elements
are used in our design compared to at least fourteen devices in
[4]. In addition, the very high quality factor of our resonator
contributes to the reduction of the phase noise.
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Fig. 9 Phase noise behavior
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D. Frequency stability analysis

The frequency stability is measured versus all the circuit
parameters using the method proposed by Adachi et al. [5].

1) Frequency stability versus temperature variation

The frequency deviation is plotted versus temperature in
Fig. 10. The oscillator shows a very good stability versus
temperature variation. For a whole range of temperature
variation from -30 °C to 100°C the overall frequency deviation
does not exceed £3 ppm.
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Fig.10: Frequency deviation versus temperature variation

2) Supply Pushing
The frequency variation is plotted as a function of supply
voltage variation in Fig. 11. Again the oscillator shows a very
good performance versus supply voltage variation since the
overall deviation does not exceed 1 ppm when the supply
voltage varies from 2.5 to 5V.
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Fig. 11: Frequency deviation versus supply voltage variation

3) Frequency deviation in process corners

The circuit was simulated over the four corners of the
technology. The process spread has a minor impact over
oscillation frequency due to the high quality factor of the
resonator. The results of this simulation are summarized in

table 1.
TABLE 1
FREQUENCY DEVIATION IN PROCESS CORNERS

Process corner Frequency Deviation (ppm)

Worst Power (WP) -0.3
Worst Speed (WS) -0.1
Worst One (WO) +0.8
Worst Zero (WZ) -0.7

V. CONCLUSION

A MEMS disk resonator based oscillator has been designed.
The disk resonator exhibits a quality factor of 50,000 which
enhanced the phase noise of the oscillator to achieve -150
dBc/Hz @ 3 kHz offset. The main advantage of using MEMS
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disk resonator is the dismissal of the bulky crystal oscillator
while achieving the same high quality. The MEMS-based
Pierce oscillator designed in this work showed a superior
performance with respect to phase noise. The usage of MEMS
disk resonator spares off chip capacitors typically used in
quartz crystal Pierce oscillators.

Finally, this work explores the possibility of building a truly
integrated oscillator using MEMS technology. Such oscillators
show a superior performance to their crystal oscillator
counterparts.

VI. ACKNOWLEDGMENT

This work was carried out in the frame of the joint research
project SCO5 between the American University in Cairo AUC
and The Interuniversity Microelectronics Center IMEC,
Leuven, Belgium.

REFERENCES

J. R. Clark, M. A. Abdelmoneum, C. T.-C. Nguyen, “High-Q UHF
Micromechanical Radial-Contour Mode Disk Resonators”. [EEE
Journal of Micromechanical Systems on April 29, 2003

Tilmans, H. A. C. 1996, “Equivalent Circuit Representation of
Electromechanical Transducers-part I: lumped-parameter systems”. J.
Micromech. Microeng. 6 157-76.

Ki Bang Lee, Steve Ryder, Chih-Chen Lee and Liwei Lin, “Design And
Fabrication Of An Annular High Frequency Resonator”. Proceedings of
IMECE2002 ASME International Mechanical Engineering Congress &
Exposition, November 17.22, 2002, New Orleans, Louisiana.

Yu-Wei Lin, Seungbae Lee, Sheng-Shian Li, Yuan Xie, Zeying Ren,
Nguyen, C.T.-C, “60-MHz Wine-Glass Micromechanical-Disk
Reference Oscillator”, Digest of Technical Papers, 2004 IEEE
International  Solid-State ~ Circuits  Conference, San Francisco,
California, 15-19 Feb. 2004.

T. Adachi, M. Hirose, Y. Tsuzuki, “Computer Analysis of Colpitts
Crystal Oscillator” 39" Annual Symposium on Frequency Control,
1985, pp. 176-182.

E. Vittoz, M. Degrauwe, S. Bitz, “High Performance Crystal
Oscillator: Theory and Application”, IEEE Journal of Solid State
circuits, Vol 23, No 3, June 1988, pp 774 - 783

J. Wang, J. E. Butler, T. Feygelson, and C. T.-C. Nguyen, “1.51-GHz
polydiamond micromechanical disk resonator with impedance-
mismatched isolating support”, Proceedings, 17th Int. IEEE Micro
Electro Mechanical Systems Conf., Maastricht, The Netherlands, Jan.
25-29, 2004, pp. 641-644.

(1

[2]

[3]

(4]

[3]

(6]

(7




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /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 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /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 false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /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 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


	Button2: 
	Button3: 


