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(57) ABSTRACT 

A three-degrees of freedom (DOF) MEMS inertial micro 
machined gyroscope With nonresonant actuation With a drive 
direction, sense direction and a direction perpendicular to 
the drive and sense directions comprises a planar substrate, 
a 2-DOF sense-mode oscillator coupled to the substrate 
operated at a ?attened Wide-bandwidth frequency region, 
and a l-DOF drive mode oscillator coupled operated at 
resonance in the ?attened Wide-bandwidth frequency region 
to achieve large drive-mode amplitudes. 
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FIG. 5 
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ROBUST MICROMACHINED GYROSCOPES 
WITH TWO DEGREES OF FREEDOM 

SENSE-MODE OSCILLATOR 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The invention relates to the ?eld of micromachined gyro 

scopes, and in particular to inertial micromachined trans 
ducers for measurement of angular rotation rate of an object. 

2. Description of the Prior Art 
Even though an extensive variety of micromachined gyro 

scope designs and operation principles exists, almost all of 
the reported micromachined gyroscopes use vibrating 
mechanical elements to sense angular rate. The concept of 
utiliZing vibrating elements to induce and detect Coriolis 
force involves no rotating parts that require bearings, and 
have been proven to be effectively implemented and batch 
fabricated in different micromachining processes. 

The operation principle of the vast majority of all existing 
micromachined vibratory gyroscopes relies on the genera 
tion of a sinusoidal Coriolis force due to the combination of 
vibration of a proof-mass and an orthogonal angular-rate 
input. The proof mass is generally suspended above the 
substrate by a suspension system consisting of ?exible 
beams. The overall dynamical system is typically a tWo 
degrees-of-freedom (tWo DOF) mass-spring-damper sys 
tem, Where the rotation-induced Coriolis force causes 
energy transfer to the sense-mode proportional to the angu 
lar rate input. 

In most of the reported micromachined vibratory rate 
gyroscopes, the proof mass is driven into resonance in the 
drive direction by an external sinusoidal electrostatic or 
electromagnetic force. When the gyroscope is subjected to 
an angular rotation, a sinusoidal Coriolis force is induced in 
the direction orthogonal to the drive-mode oscillation at the 
driving frequency. Ideally, it is desired to utiliZe resonance 
in both the drive and the sense modes in order to attain the 
maximum possible response gain, and hence sensitivity. 
This is typically achieved by designing and electrostatically 
tuning the drive and sense resonant frequencies to match. 

Alternatively, the sense-mode is designed to be slightly 
shifted from the drive-mode to improve robustness and 
thermal stability, While intentionally sacri?cing gain and 
sensitivity. HoWever, the limitations of the photolithogra 
phy-based micromachining technologies de?ne the upper 
bound on the performance and robustness of micromachined 
gyroscopes. Conventional gyroscopes based on exact or 
close matching the drive and sense modes are extremely 
sensitive to variations in oscillatory system parameters that 
shift the natural frequencies and introduce quadrature errors, 
and require compensation by advanced control architectures. 

Micromachined gyroscopes are projected to become a 
potential alternative to expensive and bulky conventional 
inertial sensors in the near future. High-performance gyro 
scopic sensors including precision ?ber-optic gyroscopes, 
ring laser gyroscopes, and conventional rotating Wheel gyro 
scopes are too expensive and too large for use in most 
emerging applications. With micromachining processes 
alloWing mass-production of micro-mechanical systems on 
a chip together With their control and signal conditioning 
electronics, loW-cost and micro-siZed gyroscopes Will pro 
vide high accuracy rotation measurements. 

Moreover, advances in the fabrication techniques alloW 
the detection and control electronics to be integrated on the 
same silicon chip together With the mechanical sensor 
elements. Thus, miniaturization of vibratory gyroscopes 
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2 
With innovative micro-fabrication processes and gyroscope 
designs is expected to become an attractive solution to 
current inertial sensing market needs, as Well as open neW 
market opportunities. With their dramatically reduced cost, 
siZe, and Weight, MEMS gyroscopes potentially have a Wide 
application spectrum in the aerospace industry, military, 
automotive industry and consumer electronics market. The 
automotive industry applications are diverse, including high 
performance navigation and guidance systems, ride stabili 
Zation, advanced automotive safety systems like yaW and tilt 
control, roll-over detection and prevention, and next gen 
eration airbag and anti-lock brake systems. A very Wide 
range of consumer electronics applications include image 
stabiliZation in video cameras, virtual reality products, iner 
tial pointing devices, and computer gaming industry. Min 
iaturiZation of gyroscopes also enable higher-end applica 
tions including micro-satellites, micro-robotics, and even 
implantable devices to cure vestibular disorders. 
The tolerancing capabilities of the current photolithogra 

phy processes and micro-fabrication techniques are inad 
equate compared to the requirements for production of 
high-performance inertial sensors. The resulting inherent 
imperfections in the mechanical structure signi?cantly limits 
the performance, stability, and robustness of MEMS gyro 
scopes. Thus, fabrication and commercialization of high 
performance and reliable MEMS gyroscopes that require 
picometer-scale displacement measurements of a vibratory 
mass have proven to be extremely challenging. 

In the conventional micromachined rate gyroscopes, the 
mode-matching requirement renders the system response 
very sensitive to variations in system parameters due to 
fabrication imperfections and ?uctuations in operating con 
ditions. Inevitable fabrication imperfections affect both the 
geometry and the material properties of MEMS devices, and 
shift the drive and sense-mode resonant frequencies. The 
dynamical system characteristics are observed to deviate 
drastically from the designed values and also from device to 
device, due to slight variations is photolithography steps, 
etching processes, deposition conditions or residual stresses. 
Variations in the temperature of the structure also perturb the 
dynamical system parameters due to the temperature depen 
dence of Young’s Modulus and thermally induced localiZed 
stresses. 

Extensive research has focused on design of symmetric 
suspensions and resonator systems that provide mode 
matching and minimiZe temperature dependence. Various 
symmetric gyroscope designs based on enhancing perfor 
mance by mode-matching have been reported. HoWever, 
especially for lightly-damped devices, the requirement for 
mode-matching is Well beyond fabrication tolerances; and 
none of the symmetric designs can provide the required 
degree of mode-matching Without active tuning and feed 
back control under the presence of the mentioned perturba 
tions. Also the gain is affected signi?cantly by ?uctuations 
in damping conditions, Which makes the device very vul 
nerable to any possible vacuum leak in the package. 

Fabrication imperfections also introduce anisoelasticities 
due to extremely small imbalances in the gyroscope suspen 
sion. This results in mechanical interference betWeen the 
modes and undesired mode coupling often much larger than 
the Coriolis motion. In order to suppress coupled oscillation 
and drift, various devices have been reported employing 
independent suspension beams for the drive and sense 
modes. Consequently, the current state of the art microma 
chined gyroscopes require an order of magnitude improve 
ment in performance, stability, and robustness. Fabrication 
imperfections and variations, and ?uctuations in the ambient 
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temperature or pressure during the operation time of these 
devices introduce signi?cant errors, Which have to be com 
pensated by advanced control architectures. 

BRIEF SUMMARY OF THE INVENTION 

The illustrated embodiment of the invention shoW a 
robust micromachined gyroscope With a tWo degrees-of 
freedom (DOF) sense mode oscillator, Which gyroscope 
addresses tWo major MEMS gyroscope design challenges: 
(1) the requirement of precisely matching drive and sense 
resonance modes, and (2) inherent instability and drift due 
to mechanical coupling betWeen the drive and sense modes. 
The device measures angular rate of an object With respect 
to the axis normal to the substrate plane (the Z-axis). 
One of the major differences of the illustrated embodi 

ment of the invention from prior art micromachined gyro 
scopes is that the sense-mode oscillator is a tWo-DOF 
dynamical system comprised of tWo interconnected proof 
masses. The tWo-DOF sense-mode oscillator provides a 
frequency response With tWo resonant peaks and a ?at region 
betWeen the peaks, instead of a single resonance peak as in 
conventional gyroscopes. The device is nominally operated 
in the ?at region of the sense-mode response curve, Where 
the gain is less sensitive to parameter ?uctuations. 

Furthermore, the sensitivity is improved by utiliZing 
dynamical ampli?cation of oscillations in the tWo-DOF 
sense-mode oscillator. To eliminate the limitations of the 
existing micromachined gyro scopes including high sensitiv 
ity to variations in system parameters and narroW band 
Width, complexity of the control electronics can be shifted to 
complexity in the dynamical system. Thus, increased band 
Width and reduced sensitivity to structural and thermal 
parameter ?uctuations and damping changes are achieved, 
leading to improved robustness and long-term stability over 
the operating time of the device. Prototype gyroscopes Were 
fabricated using a bulk-micromachining process, and Were 
successfully operated in the ?at region of the sense-mode. 
The performance and robustness of the device have been 

experimentally evaluated. With a 25V DC bias and 3V AC 
drive signal resulting in 5.8 um drive-mode amplitude, the 
gyroscope exhibited a measured noise-?oor of 0.640/s/pHZ 
over 50 HZ bandWidth in atmospheric pressure. The sense 
mode response in the ?at operating region Was also experi 
mentally demonstrated to be inherently insensitive to pres 
sure, temperature and DC bias variations. 

While the apparatus and method has or Will be described 
for the sake of grammatical ?uidity With functional expla 
nations, it is to be expressly understood that the claims, 
unless expressly formulated under 35 USC 112, are not to be 
construed as necessarily limited in any Way by the construc 
tion of “means” or “steps” limitations, but are to be accorded 
the full scope of the meaning and equivalents of the de? 
nition provided by the claims under the judicial doctrine of 
equivalents, and in the case Where the claims are expressly 
formulated under 35 USC 112 are to be accorded full 
statutory equivalents under 35 USC 112. The invention can 
be better visualiZed by turning noW to the folloWing draW 
ings Wherein like elements are referenced by like numerals. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1a and 1b are graphic comparisons of the single 
mass conventional gyroscopes and the illustrated robust 
micromachined gyroscope With tWo DOF sense-mode oscil 
lator respectively. 
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4 
FIG. 2 is a scanning electron micrograph of a bulk 

micromachined three DOF gyroscope With tWo DOF sense 
mode according to the invention. 

FIG. 3 is a diagram shoWing a lumped mass-spring 
damper model of the overall three DOF gyroscope With tWo 
DOF sensemode. 

FIG. 4 is a scanning electron micrograph of the frame 
implementation of the invention for decoupling the drive 
and sense-mode oscillations of ml. 

FIG. 5 is a scanning electron micrograph of the sense 
mode passive mass m2 and the differential sensing elec 
trodes. 

FIG. 6 is a graph of the experimental measurements of the 
drive and sense-mode frequency responses, demonstrating 
that the drive-mode resonant frequency is located inside the 
sense-mode ?at region. 

FIGS. 7a and 7b are graphs shoWing electrostatically 
acquired amplitude and phase response respectively With 
changing pressure values as a function of frequency. 

FIG. 8 is a graph of the frequency response of the 
sense-mode passive mass, at 250 C. and 750 C. The response 
gain at the operating region is observed to stay constant. 

FIG. 9 is a graph shoWing the close-up of the frequency 
response of the sense-mode passive mass, at 250 C. and 750 
C., shoWing the frequency shift at the resonance peak, and 
the constant response at the operating region. 

FIGS. 10a and 10b are graphs Which shoW the electro 
statically detected amplitude and phase response respec 
tively of the sense-mode passive mass With changing DC 
bias. 

FIGS. 11a and 11b are graphs Which shoW the angular 
rate input vs. voltage output plot obtained from the three 
DOF gyroscope With tWo DOF sense-mode, in the —50°/s to 
200°/s, and 0°/s to +25°/s input ranges respectively. 

FIG. 12 is a graph of the measured angular-rate response 
of the three DOF gyroscope at 250 C. and 750 C., When the 
drive frequency is changed from 752 HZ to 750 HZ. 
The invention and its various embodiments can noW be 

better understood by turning to the folloWing detailed 
description of the preferred embodiments Which are pre 
sented as illustrated examples of the invention de?ned in the 
claims. It is expressly understood that the invention as 
de?ned by the claims may be broader than the illustrated 
embodiments described beloW. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

The illustrated embodiment is a robust micromachined 
gyroscope 10 With a tWo degrees-of-freedom sense-direction 
oscillator 12. The gyroscope 10 differs from all existing 
micromachined gyroscopes: 

(1) In having a tWo-DOF sense-direction oscillator 12, 
forming an overall three-DOF vibratory dynamical 
system. Existing micromachined vibratory gyroscopes 
consist of a single-mass l-DOF sense-direction oscil 
lator, forming an overall tWo DOF dynamical system. 

(2) In providing a ?at operation region betWeen tWo 
resonance peaks in the frequency response curve of the 
tWo DOF sense-direction oscillator 12. Operating the 
device in the ?at region ensures that the oscillation 
amplitude and phase are insensitive to parameter ?uc 
tuations. Thus the device has improved robustness to 
fabrication variations, ?uctuations in residual stresses, 
variations in elastic modulus from run to run, and also 
thermal ?uctuations throughout the operation time. 
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(3) In utilizing dynamical ampli?cation of vibration in the 
tWo DOF sense-mode oscillator 12 Without requiring 
the system to operate in resonance mode, in contrast to 
existing gyroscopes that achieve high gain by operation 
in or near resonance; resulting in reduced sensitivity to 
structural and thermal parameter ?uctuations and 
damping changes. 

(4) In having the drive direction oscillator 14 and sense 
direction oscillator 12 mechanically decoupled, mini 
mizing instability and zero-rate drift due to dynamical 
coupling betWeen the drive and sense modes. 

(5) In having compatibility With Well-proven drive-mode 
control techniques, While the effect of parameter varia 
tions on the gain and phase of the sense-mode response 
is signi?cantly suppressed. 

In the three DOF gyroscope structure With tWo DOF 
sense-mode, the device 10 is operated at resonance in the 
drive-mode to achieve large drive-mode amplitudes, and the 
Wide-bandwidth frequency region is obtained in the sense 
mode frequency response. This alloWs utilization of Well 
proven drive-mode control techniques, While providing 
robust gain and phase in the sense-mode. 

The gyroscope dynamical system of the illustrated 
embodiment is comprised of a tWo DOF sense-mode oscil 
lator 12 and a l-DOF drive-mode oscillator 14, formed by 
tWo interconnected proof masses as illustrated in the micro 
photograph of FIG. 2. Mass 16 is coupled by ?exures 28 to 
a frame 22, Which in turn is coupled by ?exures 30 to an 
anchor 24 ?xed to a substrate 32. Mass 18 is coupled by 
means of ?exures 26 to mass 16. Masses 16 and 18 are 
generally planar and arranged to be generally parallel to 
planar substrate 32. The ?rst mass 16, (m1), is free to 
oscillate both in the drive and sense directions, x and y 
respectively, and is excited or driven by drive electrodes 34 
coupled to frame 22 in the x drive direction. The second 
mass 18, (m2), is constrained from vibrating in the x drive 
direction With respect to the ?rst mass 16. Thus, mass 18, 
m2, forms the passive mass of the tWo DOF sense-mode 
oscillator 12 as diagrammatically depicted in FIG. 3, and 
acts as the vibration absorber to dynamically amplify the 
sense mode oscillations of mass 16, ml. In the x drive 
direction, masses 16 and 18, ml and m2, oscillate together, 
and form a resonant l-DOF oscillator 14. Vibration or 
oscillation of mass 18 is detected by sense electrodes 36 best 
seen in FIG. 5. 

Since the gyroscope structure oscillates as a l-DOF 
resonator in the x drive direction, the frequency response of 
the device 10 has a single resonance peak in the drive-mode. 
The device 10 is operated at resonance in the drive-mode. 
Thus, the ?at region of the sense-mode oscillator 12 is 
designed to coincide With the drive-mode resonant fre 
quency. Drive mode oscillator 14 is driven by conventional 
electrostatic drive electrodes (not shoWn) and sense mode 
oscillator 12 is sensed by conventional capacitive plate 
sensing electrodes (not shoWn), Which Will not be further 
detailed. 

Consider noW the mode-decoupling realized in the illus 
trated embodiment. The drive direction oscillations and 
sense direction oscillation of mass 16, ml, can be mechani 
cally decoupled by using a frame structure 22, in order to 
minimize quadrature error and undesired electrostatic forces 
in the sense-mode due to drive-mode actuator imperfections. 
When mass 16, ml, is nested inside a drive mode frame as 
shoWn in the micrograph of FIG. 4, and When the sense 
direction oscillations of the frame 22 are constrained, the 
drive-direction oscillations are automatically forced to be in 
the designed x drive direction. Thus, possible anisoelastici 

20 

25 

30 

35 

40 

45 

50 

55 

60 

6 
ties due to fabrication imperfections are suppressed. Since 
mass 16, m1, is free to oscillate only in the y sense-direction 
With respect to the frame 22, the sense-mode response of 
mass 16, ml, is assured to be perfectly orthogonal to the 
drive-direction. 

Consider noW the gyroscope dynamics. The folloWing 
constraints de?ne the dynamics of the three DOF system 
With tWo DOF sense-mode: The structure of device 10 is stiff 
in the out-of-plane direction; the position vector of the 
decoupling frame 22 is forced to lie along the x drive 
direction; mass 16, m1, oscillates purely in the y sense 
direction relative to the decoupling frame 22; masses 16 and 
18, ml and m2, move together in the drive direction; and 
mass 18, m2, oscillates purely in the y sense-direction 
relative to ml. Thus, the equations of motion of masses 16 
and 18, ml and m2, are decomposed into the x drive and y 
sense directions, and become 

(1) 

(2) 

(3) 

Where Z is the z-axis angular rate, mf is the mass of the 
decoupling frame, Fd(t) is the driving electrostatic force 
applied to the active mass at the driving frequency and and 
Where the subscripts refer to the masses and position coor 
dinates (x, y) and their derivatives of masses 16 and 18, ml 
and m2, respectively. The Coriolis force that excites masses 
16 and 18, ml and m2, in the y sense direction is 2mlQZdx2/ 
dt, and the Coriolis response of mass 18, m2, in the y 
sense-direction (y2) is detected for angular rate measure 
ment. 

Turn noW to the experimental evaluation of a bulk 
micromachined embodiment. The dynamical system param 
eters in the present illustration of the three DOF gyroscope 
10 With tWo DOF sense mode are folloWing: The proof mass 

values are ml:2.46><l0_6 kg, m2:l.54><l0_7 kg, and the 
decoupling frame mass mf:l.l9><l0_7 kg. The spring con 
stants are klx:6l.2 N/m, k1y:78.4 N/m, and k2y:3.36 N/m. 

For the l-DOF drive-mode oscillator, the effective proof 
mass value becomes mlx:(ml+m2+mf):2.74><l0_6 kg. This 
yields a drive-mode resonant frequency of 752 Hz. 

In the sense-mode, the resonant frequencies of the isolated 
active and passive mass-spring systems are (nly:\/(kl}/m1): 
897.7 Hz and (n2y:\/(k2}/m2):732.2 Hz, respectively; yield 
ing a frequency ratio of yy:u)ly:0.897, and a mass ratio of 
ux:m2/ml:0.0624. With these parameters, the location of 
the tWo expected resonance peaks in the sense-mode fre 
quency response Were calculated as fy_nl:696.7 Hz and 
fy_n2:943.3 Hz, based on the relation 

Consider the experimental results Which Were found in 
this example. The frequency responses of the tWo DOF 
sense-mode oscillator 12 and the l-DOF drive-mode oscil 
lator 14 Were characterized under different pressure and 
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temperature conditions in an MMR vacuum probe station. 
For the sense-mode characterization, one-port actuation and 
detection Was utilized, Where one probe Was used to impose 
the driving AC signal plus the DC bias voltage on the 
gyroscope structure, and one probe Was contacted With the 
sensing electrode of the sense-mode passive mass 18, m2. 
Thus, the extracted frequency responses in the sense-mode 
are the response of the passive-mass, but the excitation force 
is also applied on the passive-mass. The acquired sense 
mode frequency responses Were then post-processed, in 
order to re?ect the dynamics of the passive-mass When the 
active-mass is driven. In the sense-mode frequency 
response, a ?at region of over 300 Hz Was experimentally 
demonstrated as shoWn in the graph of FIG. 6. The tWo 
resonance peaks in the drive-mode frequency response Were 
observed as fx_nl:693 Hz and fx_n2:940 Hz. When the drive 
and sense-mode frequency responses of the three DOF 
gyroscope 10 are investigated together, the drive mode 
resonant frequency is observed to be located inside the 
sense-mode ?at region as shoWn in FIG. 6. 

Consider noW an experimental analysis of parametric 
sensitivity. In order to characterize the frequency response of 
the tWo DOF sense-mode oscillator 12 under different 
pressure and temperature conditions, electrostatic actuation 
and capacitive detection Was utilized in an MMR vacuum 
probe station. A gyroscope structure With actuation elec 
trodes attached to the sense-mode active mass 18 m2 Was 
designed and characterized. The frequency response Was 
acquired using off-chip transimpedance ampli?ers With a 
feedback resistor of RAI1 MQ connected to an HP Signal 
Analyzer in sine-sWeep mode. TWo-port actuation and detec 
tion Was utilized, Where one probe Was used to impose the 
DC bias voltage on the gyroscope structure through the 
anchor 24, one probe Was used to apply the AC drive voltage 
on the actuation port attached to the active mass 16, ml, and 
the detection port on the passive mass 18, m2, Was directly 
connected to the transimpedance ampli?er. 

FIGS. 7a and 7b presents the experimentally measured 
amplitude and phase responses of the sense mode passive 
mass at 5, 15, and 30 Torr acquired in an MMR vacuum 
probe station, after numerical parasitic ?ltering. The oscil 
lation amplitude in the tWo resonance peaks Were observed 
to increase With decreasing pressures. HoWever, the change 
in the response amplitude in the ?at operating region is 
insigni?cant, as anticipated by the theoretical analysis. This 
experimentally demonstrates the damping insensitivity of 
the sense-mode response in the ?at operating region. Fur 
thermore, the phase of the sense-mode passive mass Was 
observed to stay constant in the operating frequency band, 
While the phase changes Were observed at the tWo resonance 
peaks as expected as shoWn in FIG. 7b. 

Thus, it is experimentally veri?ed that a constant phase 
response is achieved in the operating region, in contrast to 
the abrupt phase changes at the resonance peak of the 
conventional gyroscopes. 

Consider noW the effect of temperature variations. The 
sensitivity of the gyroscope 10 to temperature variations Was 
characterized by heating the vacuum chamber of the MMR 
probe station, and continuously monitoring the temperature 
of the sample using a solid-state temperature sensor attached 
to the stage carrying the sample. FIG. 8 is a graph Which 
presents the capacitively acquired frequency response of the 
sensing element at the temperatures 25° C. and 75° C. The 
response amplitude in the ?at operating region Was observed 
to be less than 2% for the 50° C. variation in temperature, 
experimentally verifying the improved robustness against 
temperature variations. When the change in the response 
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8 
gain at the resonance peaks are considered as shoWn in FIG. 
9, it is observed that the frequency shift due to the tempera 
ture change results in a maximum of over 40% drop in the 
gain. The response amplitude in the ?at operating region is 
observed to remain unchanged also in FIG. 9. 

In order to observe the effects of larger stiffness variations 
on the system response, the frequency response of the 
sense-mode passive mass Was acquired With different DC 
bias voltages. FIGS. 10a and 10b are graphs Which presents 
the amplitudes and phases of experimental frequency 
response measurements for 18V to 21V DC bias at 4 Torr 
pressure. The electrostatic negative spring effect Was 
observed to result in 30 Hz shift in the ?rst resonance peak 
and 45 Hz shift in the second resonance peak, hoWever, the 
response amplitude in the ?at operating region Was observed 
to change insigni?cantly. 

Consider noW a rate-table characterization of the inven 
tion. The synchronous demodulation technique Was used to 
extract the angular rate response of the three DOF system 10 
With tWo DOF sense-mode. The drive signal applied on the 
comb-drive actuators Was 25V DC bias and 3V AC. The 
device Was operated at resonance in the drive mode, at 752 
Hz. The drive-mode amplitude Was measured optically 
during the operation of the device as 5.8 pm, using a 
microscope attached to the rate-table platform. 
A 20 kHz carrier signal Was imposed on the gyroscope 

structure, and the output from the differential sense-capaci 
tors Was ampli?ed and synchronously amplitude demodu 
lated at the carrier signal frequency using a lock-in ampli?er. 
The Coriolis signal Was ?nally demodulated at the driving 
frequency. 

With this technique, a sensitivity of 0.0308 mV/o/s Was 
experimentally demonstrated While the device Was operated 
in the ?at-region of the sense-mode frequency response as 
shoWn in the graphs of FIGS. 11a and 11b. The measured 
noise ?oor Was 19.7 uV/\/Hz at 50 Hz bandWidth, yielding 
a measured resolution of 0.640/s/\/Hz at 50 Hz bandWidth in 
atmospheric pressure. 

In order to verify that robustness to parameter variations 
is achieved in the overall Coriolis response of a Wide 
bandWidth gyroscope, the three DOF gyroscope 10 With tWo 
DOF sense mode Was characterized on the rate table in a 

thermally controlled chamber. When the temperature of the 
gyroscope Was increased from 250 C. to 750 C. While 
keeping the excitation frequency constant at 752 Hz, the 
sensitivity of the gyroscope Was observed to drop from 
0.0308 mV/O/s to 0.0234 mV/O/s. This translates into 24.1% 
drop in the response gain. When the change in the drive 
mode amplitude from 250 C. to 750 C. is investigated, it is 
seen that is changes from 5.8 pm to 4.3 um; yielding a 25.9% 
change. Thus, it is demonstrated that the change in the 
gyroscope sensitivity is almost exactly equal to the drive 
mode amplitude change (With 1.8% discrepancy); verifying 
the insensitivity of the sense-mode response to temperature 
variations. 

In order to con?rm this result, the rate table characteriza 
tion at 750 C. Was repeated, this time changing the drive 
frequency to 750 Hz. At this frequency, the drive-mode 
amplitude Was restored to 5.8 pm, and a sensitivity of 0.0303 
mV/O/s Was measured as shoWn in FIG. 12. Consequently, it 
Was experimentally demonstrated that, a temperature varia 
tion from 250 C. to 750 C. results in only 1.62% change in 
the output of the Wide-bandWidth gyroscope approach, veri 
fying the improved robustness. At elevated temperatures, the 
linearity of the response Was also observed to be preserved. 
Compare the response of the illustrated embodiment With 

a conventional gyroscope. In order to compare the improved 
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robustness of the proposed Wide-bandWidth approach, a 
micromachined gyroscope With a conventional l-DOF 
sense-mode Was characterized under the same temperature 
variations and using the same signal conditioning electron 
ics. When the temperature of the tested conventional gyro 
scope Was increased from 250 C. to 75° C. While restoring 
the drive-mode amplitude to 12 um, the sensitivity Was 
observed to drop from 0.91 mV/O/s to 0.73 mV/O/s. Thus, a 
50° C. temperature increase Was observed to result in 19.8% 
sensitivity change in the conventional gyroscope, Which is 
over 12.2 times larger than the Wide-bandWidth gyroscope 
approach. 

In summary one of the most prominent bene?ts of the 
three DOF system 10 With tWo DOF sense-mode is its 
compatibility With Well-proven drive-mode control tech 
niques, While the effect of parameter variations on the gain 
and phase of the sense-mode response is signi?cantly sup 
pressed. The fabricated bulk-micromachined prototypes 
Were successfully operated as a gyroscope in the ?at region 
of the sense-mode to measure angular rate With suf?cient 
sensitivity and noise characteristics. With a 25V DC bias and 
3V AC drive signal resulting in 5.8 pm drive mode ampli 
tude, the gyroscope exhibited a measured noise-?oor of 
0.640/S/\/HZ over 50 HZ bandWidth in atmospheric pressure. 
The sense-mode response in the ?at operating region Was 
also experimentally demonstrated to be inherently insensi 
tive to pressure, temperature and DC bias variations. The 
design concept Was introduced using a Z-axis implementa 
tion as an example. The concept is general, enabling x and 
y-axis implementations as Well. 
Many alterations and modi?cations may be made by those 

having ordinary skill in the art Without departing from the 
spirit and scope of the invention. Therefore, it must be 
understood that the illustrated embodiment has been set 
forth only for the purposes of example and that it should not 
be taken as limiting the invention as de?ned by the folloWing 
invention and its various embodiments. 

For example, although the illustrated embodiment is 
shoWn and described as a planar vibratory or linear gyro 
scope, it is expressly contemplated that the same operational 
concepts of a three DOF system 10 With tWo DOF sense 
mode oscillator could also be implemented in a torsional 
gyroscope by applying the principles taught in above. 

Therefore, it must be understood that the illustrated 
embodiment has been set forth only for the purposes of 
example and that it should not be taken as limiting the 
invention as de?ned by the folloWing claims. For example, 
notWithstanding the fact that the elements of a claim are set 
forth beloW in a certain combination, it must be expressly 
understood that the invention includes other combinations of 
feWer, more or different elements, Which are disclosed in 
above even When not initially claimed in such combinations. 
A teaching that tWo elements are combined in a claimed 
combination is further to be understood as also alloWing for 
a claimed combination in Which the tWo elements are not 
combined With each other, but may be used alone or com 
bined in other combinations. The excision of any disclosed 
element of the invention is explicitly contemplated as Within 
the scope of the invention. 

The Words used in this speci?cation to describe the 
invention and its various embodiments are to be understood 
not only in the sense of their commonly de?ned meanings, 
but to include by special de?nition in this speci?cation 
structure, material or acts beyond the scope of the commonly 
de?ned meanings. Thus if an element can be understood in 
the context of this speci?cation as including more than one 
meaning, then its use in a claim must be understood as being 
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10 
generic to all possible meanings supported by the speci? 
cation and by the Word itself. 
The de?nitions of the Words or elements of the folloWing 

claims are, therefore, de?ned in this speci?cation to include 
not only the combination of elements Which are literally set 
forth, but all equivalent structure, material or acts for 
performing substantially the same function in substantially 
the same Way to obtain substantially the same result. In this 
sense it is therefore contemplated that an equivalent substi 
tution of tWo or more elements may be made for any one of 
the elements in the claims beloW or that a single element 
may be substituted for tWo or more elements in a claim. 
Although elements may be described above as acting in 
certain combinations and even initially claimed as such, it is 
to be expressly understood that one or more elements from 
a claimed combination can in some cases be excised from 

the combination and that the claimed combination may be 
directed to a subcombination or variation of a subcombina 
tion. 

lnsubstantial changes from the claimed subject matter as 
vieWed by a person With ordinary skill in the art, noW knoWn 
or later devised, are expressly contemplated as being equiva 
lently Within the scope of the claims. Therefore, obvious 
substitutions noW or later knoWn to one With ordinary skill 
in the art are de?ned to be Within the scope of the de?ned 
elements. 
The claims are thus to be understood to include What is 

speci?cally illustrated and described above, What is concep 
tionally equivalent, What can be obviously substituted and 
also What essentially incorporates the essential idea of the 
invention. 
We claim: 
1. A three-degrees of freedom (DOF) MEMS inertial 

micromachined gyroscope With a drive direction, a sense 
direction, and a direction perpendicular to the drive and 
sense directions comprising: 

a 2-DOF sense-mode oscillator means having a frequency 
response curve With tWo resonant peaks in a sense 
mode, the 2-DOF sense-mode oscillator means for 
operating at a frequency in a generally ?at region of a 
frequency response curve of the 2-DOF sense mode 
oscillator means betWeen the tWo resonant peaks of the 
frequency response curve; 

a l-DOF drive-mode oscillator means for operating at 
resonance in a drive mode at a frequency in the ?at 
region of the frequency response curve of the 2-DOF 
sense mode oscillator means to achieve ampli?ed 
drive-mode amplitudes; and 

a planar substrate on Which the 2-DOF sense-mode oscil 
lator means and the 1-DOF drive mode oscillator 
means are disposed. 

2. The gyroscope of claim 1 Where the 2-DOF sense-mode 
oscillator means is comprised of tWo Weakly coupled masses 
free to vibrate in tWo dimensions relative to the substrate in 
the sense mode. 

3. The gyroscope of claim 1 Where the 1-DOF drive-mode 
oscillator means comprises tWo Weakly coupled masses 
together With a decoupling frame to Which the tWo Weakly 
coupled masses are in turn coupled, Which masses and frame 
move together in the drive mode and Which masses move 
independently of the frame and each other in the sense 
mode. 

4. The gyroscope of claim 1 Where the drive-mode 
oscillator means comprises a ?rst mass and a frame structure 
coupled to the substrate and constrained to vibrate only in 
the drive direction relative to the substrate in the drive mode, 
Where the ?rst mass is also included Within the sense-mode 
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oscillator means and is coupled to the frame structure and is 
constrained to vibrate only in the sense direction With 
respect to the frame structure to minimiZe quadrature error 
and undesired electrostatic forces in the sense-mode due to 
drive-mode actuator imperfections. 

5. The gyroscope of claim 4 Where the 2-DOF sense-mode 
oscillator means is further comprised of a second mass, and 
Where the l-DOF drive-mode oscillator means is comprised 
of the frame structure, ?rst mass and second mass, the frame 
structure, ?rst and second masses vibrating together in the 
drive direction in the drive mode at a single peak resonance. 

6. The gyroscope of claim 1 Where the 2-DOF sense-mode 
oscillator means and the l-DOF drive-mode oscillator 
means are stilf in a direction perpendicular to a plane of the 
substrate. 

7. The gyroscope of claim 1 Where the 2 DOF sense-mode 
oscillator means With the generally ?at operation region 
betWeen the tWo resonance peaks in a frequency response 
curve of the 2-DOF sense-mode oscillator means comprises 
means for ensuring that the sense-mode response amplitude 
and phase are insensitive to parameter ?uctuations, resulting 
in robustness to residual stresses, variations in dimensions or 
material properties, and thermal ?uctuations throughout 
operation time. 

8. A method of operating a three-degrees of freedom 
(DOF) MEMS inertial micromachined gyroscope compris 
ing: 

driving a l-DOF drive-mode oscillator in a drive mode in 
a drive direction at resonance to achieve ampli?ed 
drive-mode amplitudes; and 

simultaneously sensing motion of a 2-DOF sense-mode 
oscillator in a sense mode in a sense direction, the 
2-DOF sense-mode oscillator having a frequency 
response curve With tWo resonance peaks and a gener 
ally ?at region therebetWeen, the 2-DOF sense-mode 
oscillator being sensed in the generally ?at frequency 
region betWeen the tWo resonance peaks. 

9. The method of claim 8 Where driving the l-DOF 
drive-mode oscillator comprises oscillating a second mass 
and oscillating a ?rst mass in the drive direction in the drive 
mode, and constraining the second mass With respect to the 
?rst mass to oscillate relative to the ?rst mass only in the 
sense direction in the sense mode, the ?rst and second 
masses oscillating together in the drive direction in the drive 
mode at a single peak resonance. 

10. The method of claim 8 further comprising: 
oscillating a frame structure only in the drive direction in 

the drive mode relative to a substrate on Which the 
frame is disposed; 

Where driving the l-DOF drive-mode oscillator comprises 
oscillating a second mass, and oscillating a ?rst mass, 
Which second mass is constrained With respect to the 
?rst mass to oscillate relative to the ?rst mass only in 
the sense direction in the sense mode, the ?rst and 
second masses also oscillating together in the drive 
direction in the drive mode at a single peak resonance, 
and 

Where oscillating the ?rst mass coupled to the frame 
structure only in the sense direction in the sense mode 
With respect to the frame structure minimiZes quadra 
ture error and undesired electrostatic forces in the 
sense-mode due to drive-mode actuator mperfections. 
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11. The method of claim 8 Where the 2-DOF sense-mode 

oscillator and the l-DOF drive mode oscillator are stilf in a 
direction perpendicular to a plane Which de?nes a substrate 
on Which the drive-mode and sense-mode oscillators are 
disposed, so that driving the l-DOF drive-mode oscillator 
and sensing With a 2-DOF sense-mode oscillator are sub 
stantially all in a plane parallel to the substrate. 

12. The method of claim 8 Where sensing With the 2-DOF 
sense-mode oscillator in the generally ?at frequency region 
comprises insuring that the sense-mode response amplitude 
and phase are insensitive to parameter ?uctuations resulting 
in robustness to in residual stresses, variations in dimensions 
or material properties, and thermal ?uctuations throughout 
operation time. 

13. An inertial sensor comprising a MEMS microma 
chined gyroscope, the gyroscope comprising: 

a tWo-degrees of freedom (2-DOF) sense-mode oscillator 
means for operating in a sense mode With a frequency 
response curve With tWo separate resonance peaks; 

a l-DOF drive-mode oscillator means for operating at a 
resonance frequency in a drive mode to achieve ampli 
?ed drive-mode amplitudes; and 

a planar substrate on Which the 2-DOF sense-mode oscil 
lator means and the l-DOF drive-mode oscillator 
means are disposed, 

Wherein the gyroscope is con?gured to have the 2-DOF 
sense-mode oscillator means operating in a frequency 
region betWeen the tWo resonance peaks in the fre 
quency response curve of the 2-DOF sense-mode oscil 
lator means, and 

Wherein the resonance frequency of the l-DOF drive 
mode oscillator means is also in said region betWeen 
said tWo resonance peaks. 

14. A three-degrees of freedom (DOF) MEMS inertial 
micromachined gyroscope With a drive direction, a sense 
direction, and a direction perpendicular to the drive and 
sense directions comprising: 

a planar substrate; 
a 2-DOF sense-mode oscillator disposed on the substrate 

and comprised of tWo Weakly coupled masses free to 
vibrate in tWo dimensions relative to the substrate, the 
2-DOF sense-mode oscillator having a frequency 
response curve With tWo resonant peaks and operating 
at a frequency in a ?at region of its frequency response 
curve betWeen the tWo resonant peaks of the frequency 
response curve; 

a l-DOF drive-mode oscillator disposed on the substrate 
and comprised of the tWo Weakly coupled masses 
together With a decoupling frame to Which the tWo 
Weakly coupled masses are in turn coupled, Which 
masses and frame move together in the drive mode and 
Which masses move independently of the frame and 
each other in the sense mode, the drive-mode oscillator 
operating at resonance in a drive mode at a frequency 
in the ?at region of the frequency response curve of the 
2-DOF sense mode oscillator to achieve ampli?ed 
drive-mode amplitudes. 


