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READOUT METHOD AND ELECTRONIC 
BANDWIDTH CONTROL FOR A SILICON 
IN-PLANE TUNING FORK GYROSCOPE 

GOVERNMENT RIGHTS 

2 
contained units that can perform accurate short-term 
navigation of a craft/object in the absence of global position
ing system (GPS) assisted navigation. An IMU typically uses 
three accelerometers and three gyroscopes placed along their 
respective sensitive axes to gather information about an 
object's direction and heading. MEMS-based IMUs are 
increasingly being used in unmanned aerial/undersea 
vehicles for navigation and guidance. Since these remotely 
operated unmanned aerial/undersea vehicles experience 

The present invention was funded by the Defense 
Advanced Research Projects Agency (DARPA) under con
tract No. W31P4Q-04-1-R001. The U.S. Government has 
certain rights in this invention. 

BACKGROUND 

10 diverse environments, in terms of shock, vibration and tem
perature, periodic calibration and reconfiguration of the IMU 
components becomes all the more important. Additionally, 
these are applications where power and area are premium. The present invention relates generally to microelectrome

chanical systems (MEMS) devices and operational methods, 
and more particularly, to the use of a zero rate output of a 15 

MEMS in-plane tuning fork gyroscope to electronically con
trol the mechanical bias voltages to control the frequency 
difference between drive and sense resonant modes of the 
gyroscope. 

This calls for the development of smart angular rate sensors. 
Vibratory micromachined gyroscopes rely on Coriolis-in-

duced transfer of energy between two vibration modes to 
sense rotation. Micromachined gyroscopes are increasingly 
employed in consumer and automotive applications, prima
rily due to their small size and low power requirements. 

Over the last decade, the resolution of silicon vibratory 
microgyroscopes has improved by almost ten times every two 
years. The improvements in noise floor can mainly be attrib
uted to improved high aspect ratio microfabrication pro
cesses, better mechanical sensor design, and improved inter
facing of the micromechanical sensor element with CMOS 
circuits. Current research is focused on development of 
microgyroscopes for automotive and consumer applications. 
However, existing microgyroscope performance must be 
improved by an order of magnitude if they are to be viable 
alternatives to fiber-optic gyroscopes. Low-cost, sub-degree 
per hour bias drift microgyroscopes will complement µ-grav
ity accelerometers to enable chip-scale navigation, and multi
axis motion analysis at micro-scale. In addition, such preci
sion inertial measurement units (IMUs) are essential in 
micro-robotics, unmanned aerial/undersea vehicles and GPS
augmented navigation. 

20 However, they are yet to achieve performance levels compa
rable to their optical and macro-mechanical counterparts in 
high-precision applications such as space and tactical/inertial 
navigation systems. 

Conventional MEMS vibratory gyroscopes have yet to 
25 achieve inertial grade performance. The requirements for 

inertial grade devices are rate resolutions and bias stabilities 
better than 0.1 ° /h. To achieve this, a vibratory gyroscope must 
attain very high quality factors (>30,000), large sense capaci
tances (> 1 pF), large mass (> 100 µg), and large drive ampli-

30 tude (>5 µm). 
The Brownian motion of the structure represents the fun

damental noise-limiting component of a vibratory gyroscope. 
This is generally discussed, for example, by Ayazi, F., in "A 
High Aspect-Ratio High-Performance Polysilicon Vibrating 

Micromachined Coriolis vibratory gyroscopes are ideal 
angular rate sensors for automotive applications, unmanned 
aerial vehicles, image stabilization in portable electronics and 
personal heading references, due to their low cost, light 
weight and small form factor. As MEMS gyroscopes attain 
inertial grade performance (i.e., sub-degree-per-hour rate 
resolutions and bias stabilities) the interface electronics that 
actuate, sense and control these micromechanical structures 
are key element in determining the over all performance of the 
micro-gyro system. 

35 Ring Gyroscope," Ph.D. Dissertation, University of Michi
gan, Ann Arbor (2001 ), and Ayazi, F. and Najafi, K., in "A 
HARPSS Polysilicon Vibrating Ring Gyroscope" IEEEI
ASME JMEMS, June 2001, pp. 169-179. By equating Brown
ian motion to the displacement caused by the Coriolis force, 

40 one can derive the mechanical noise equivalent rotation 
(MNEQ) of the microgyroscope. This is expressed as 

45 

Micromachined gyroscopes constitute one of the fastest 
growing segments of the microsensor market. The application 
domain of these devices is quickly expanding from automo
tive to consumer and personal navigation systems. Examples 
include anti-skid and safety systems in cars, and image sta- 50 

bilization in digital cameras. Conventional MEMS gyro
scopes do not meet the sub-degree-per-hour resolution and 
bias drift requirements needed in high precision applications 
such as inertial measurement units for GPS augmented navi
gation, robotics, unmanned surveillance vehicles, aircraft and 55 

personal heading references. 
The majority of automotive and consumer electronics 

application require rate-grade performance, while high pre
cision navigation-grade devices are suitable for inertial mea
surement units and high-end applications in aerospace and 60 

petroleum industry. 
A multitude of applications exist in the automotive sector 

including navigation, anti-skid and safety systems, roll-over 
detection, next generation airbag and anti-lock brake sys
tems. Consumer electronics applications include image sta- 65 

bilization in digital cameras, smart user interfaces in hand
helds, gaming, and inertial pointing devices. IMUs are self-

MNEfl=--· --~ 1 ) 4ksT 

2qDrive WoM 

This equation indicates that the mechanical noise floor 
varies inversely with the drive amplitude (~rive), the square 
root of the resonant drive frequency (w0 ), and square root of 
the effective mass in the sense direction (M). Matching the 
resonant frequencies of the sense and the drive mode 
improves this resolution by a factor ofYQsense· 

There is a need for improved tuning fork gyroscopes and 
angular rate sensors employing same that provide for elec
tronic bandwidth control. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The various features and advantages of the present inven
tion may be more readily understood with reference to the 
following detailed description taken in conjunction with the 
accompanying drawing figures, wherein like reference 
numerals designate like structural element, and in which: 

FIG. la illustrates an exemplary tuning fork gyroscope; 
FIGS. lb and le illustrate resonant mode shapes ( exagger

ated for clarity) of the gyroscope shown in FIG. la; 
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FIG. 2a-2d illustrates a process flow used to fabricate an 
exemplary gyroscope; 

FIG. 3 illustrates an exemplary sensor comprising the tun
ing fork gyroscope; 

FIG. 4 illustrates mode matching characteristics (physical 
ZRO) for an exemplary gyroscope; 

FIG. 5 illustrates mode matching characteristics (known 
VP) for an exemplary gyroscope; 

FIGS. 6a and 6b illustrate bandwidth enhancement and 

4 
responded to peak sensitivity. Finally, at matched-mode. the 
distinct 90° phase difference that exists between the drive 
signal (0° drive) and the zero rate output is monitored to 
ensure that mode-matching has indeed been achieved. 

An exemplary mode-matching ASIC includes a level 
detector, analog-to-digital converter, a bidirectional counter 
with parallel load, and a digital-to-analog converter for gen
erating the DC polarization voltage in discrete steps (VF-

mode matching, respectively, attained by an exemplary gyro- 10 
stepper). The architecture of the digital-to-analog converter is 
preferably chosen so that the minimum voltage step size is 
controlled independently. scope; 

FIG. 7 illustrates an exemplary mode matching algorithm; 
FIG. 7a illustrates exemplary timing for the gyroscope 

using the mode matching algorithm; 
FIG. 8 shows a schematic of an exemplary electronic band

width control system; and 
FIG. 9 plots scale factor (SF) for different bandwidths 

generated by incrementing and decrementing a VP stepper. 

DETAILED DESCRIPTION 

The present invention may be used in conjunction with a 
MEMS in-plane tuning fork gyroscope such as is disclosed in 
U.S. Pat. No. 7,043,985, issued May 16, 2006, and assigned 
to the assignee of the present invention. The contents of U.S. 
Pat. No. 7,043,985 are incorporated herein by reference in its 
entirety. 

In order to overcome limitations of conventional microgy
roscopes, disclosed are techniques that process the zero rate 
output of a micro-electromechanical systems in-plane tuning 
fork gyroscope to electronically control the mechanical bias 
voltages such that the frequency difference between drive and 
sense resonant modes of the microgyroscope is nulled. A 
software control algorithm, or mode-matching algorithm, is 
implemented in conjunction with control circuitry, preferably 
implemented in a CMOS ASIC, that adaptively biases the 
mechanical structure of the tuning fork gyroscope such that 
the drive and sense mode frequencies are equalized, or imple
ments bandwidth enhancement at the expense of sensor sen
sitivity. This leverages the inherent high quality factor of the 
tuning fork microgyroscope and provides for an electroni
cally reconfigurable "smart" angular rate sensor with superior 
sensitivity and bias drift. 

Mode-matching of the tuning fork gyroscope may be 
achieved by increasing the DC polarization voltage (VP) 
applied to the MEMS structure (gyroscope) until electrostatic 
spring softening decreases the sense mode frequency so that 
it is equal to that of the drive mode (-0 Hz split). Despite 
quadrature nulling, there always exists a finite amount of 
residual zero rate output. The amplitude of this residual zero 
rate output is maximized when the modes are matched and 
can therefore be used as an indicator of sensor sensitivity. 
This is a fundamental concept on which the software control 
algorithm achieves mode-matching and implements a recon
figurable system gain. 

The phase difference between the drive output and the zero 
rate output is used as an indicator of system stability at the 
mode-matched condition. The mode-matching algorithm 
performs three steps in each iteration until a maximum in zero 
rate output level is detected. The algorithm (1) sends an 
interrupt to a timing unit that generates digital pulses that read 

The mode-matched condition corresponds to maximum 
rate sensitivity and lowest noise drift. Another aspect is that 

15 
the mode-matching algorithm and associated hardware may 
be used to electronically control system bandwidth inexpen
sively. If an application requires a larger bandwidth, the 
modes can be mismatched electronically in a controlled fash
ion to provide the required bandwidth at the expense of 

20 mechanical gain (i.e., rate resolution). The controlled mis
match is achieved by incrementing or decrementing the bidi
rectional counter to yield the desired value of the DC polar
ization voltage. Electronic bandwidth control can 
additionally be achieved by electronic loading of the 

25 mechanical quality factor of the drive mode. Further band
width control may be achieved by a combination of the above 
two techniques, i.e., controlled mode-splitting and electronic 
Q-loading. 

Disclosed herein is a smart angular rate sensor system that 
30 comprises a high performance MEMS tuning fork gyroscope 

interfaced with CMOS circuitry and a dedicated control algo
rithm running on a microcontroller. The system allows soft
ware control of parameters of the tuning fork gyroscope, 

35 
thereby allowing for easy reconfiguration and auto-calibra
tion, in the field. This control technique addresses issues that 
cannot be solved by a simple trimming procedure at the time 
of manufacture. As these sensors experience diverse condi
tions in the field, it is impossible to recreate actual field 

40 conditions at the time of manufacture. 
The interface architecture and CMOS ASIC substantially 

improves the performance of a high-Q tuning fork gyroscope 
through automatic matching of its resonant modes, yielding a 
low-cost microgyroscope with bias drift of0.2°/hr. This bias 

45 drift is two orders of magnitude better than commercially 
available MEMS gyroscopes and is the lowest recorded to 
date for a MEMS gyroscope. 

Referring to the drawing figures, FIG. la illustrates an 
exemplary matched-mode in-plane solid-mass single-crystal 

50 silicon tuning fork gyroscope 10. The tuning fork gyroscope 
10 may be fabricated on 50 µm-60 µm thick silicon on insu
lator (SOI) substrate using a simple two-mask bulk-microma
chining process. FIG. la is a top view of the tuning fork 

55 

gyroscope 10 showing a device layer 23 (FIGS. 3a-3d). 
It is to be understood, that while the exemplary gyroscope 

10 described herein may be fabricated using silicon, other 
semiconductor materials, such as quartz or polycrystalline 
silicon, for example, or an electrically-conductive substrate, 
for example, may readily be employed. Thus, it is to be 

60 understood that the present invention is not limited to silicon 
structures. Also, although the insulating layer is preferably 
oxide, it is to be understood, that other insulating material, 
such as nitride, for example, may also be used, depending 

in a ~li. bit stream, resets a level detector and updates a counter 
values, (2) compares the decimated value of the zero rate 
output level from the current iteration with that from the 
previous one, and (3) outputs a multi-bit control word to a 65 

V p-stepper. Once the maximum is detected, the DC polariza
tion voltage is decremented to its previous value, which cor-

upon the application. 
The exemplary gyroscope 10 is fabricated as a single

crystal structure using microelectronic processing tech
niques. The components making up the gyroscope 10 are 
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fabricated by depositing, patterning and etching layers of 
semiconductor material and insulating layers to create the 
desired interconnected and/or coupled components. 

The gyroscope 10 comprises a flexible support structure 11 
(also referred to as flexures 11 or beams 11) which is semi
conductor material used to support components of the gyro
scope 10. First and second offset proof masses 12 are sup
ported by the support structure 11. Distal and proximal ends 

6 
drive amplitudes using small drive voltages, which is a highly 
desirable feature required in low-power CMOS interfaces. A 
high Qin sense mode substantially increases sensitivity of the 
gyroscope 10 and lowers the Brownian noise floor of the 
gyroscope 10. 

of the proof masses 12 each have a plurality of fingers 12a (or 
projections 12a) extending outwardly therefrom. First and 
second drive electrode 13 are disposed adjacent to an outward 
ends of the first and second proof masses 12 and have a 
plurality of fingers 13a (projections 13a) extending inwardly 
therefrom. A central drive electrode 14 is disposed between 
the proof masses 12. The central drive electrode 14 has a 
plurality of fingers 14a (projections 14a) extending out
wardly from either lateral edge thereof. A plurality of sense 
electrode 15 are disposed adjacent lateral edges of the first 
and second proof masses 12. Quadrature nulling electrodes 

The equations below define the mechanical noise floor 
(MNEQ) and current sensitivity of the tuning fork gyroscope 
10, where kB is Boltzmann's constant, Tis the absolute tem
perature, 'lDrive is the amplitude of the vibration of the proof-

lO mass 12 along the x-axis, M is the effective mass, w0 is the 
operating frequency of the sensor 30, VP is the DC polariza
tion voltage applied to the gyroscope 10, dso is the capacitive 
gap associated with the sensor rest capacitance (Cs0 ), and 

15 
QgFF is the effective mechanical quality factor. 

17 are laterally disposed adjacent to the first and second drive 20 

electrodes 13. The quadrature nulling electrodes 17 each have 
a plurality of fingers l 7a (projections l 7a) extending 
inwardly therefrom. 

The respective fingers 12a of the proof masses 12 and the 
fingers 13a, l4a, l 7a of the drive electrodes 13, 14 and 25 

quadrature nulling electrodes 17 lie adjacent to one another 
and have air gaps between them. The respective pluralities of 
fingers 12a, l3a, l4a, l 7a are interdigitated and comprise 
comb drive electrodes. As will be discussed below, the proof 
masses 12 are suspended in air, and the first, second and 30 

central drive electrodes 13, 14 are supported by an insulating 
layer 22 (FIGS. 3a-3d) and a lower or handle layer 21, or 
substrate 21 (FIGS. 3a-3d). 

First and second anchors 16 are supported by the insulating 
layer 22 and handle layer 21 and are laterally disposed rela- 35 

tive to the central drive electrode 14 and the proof masses 12. 
The anchors 16 provide support for a tuning fork structure 
corresponding to the proof masses 12 and drive electrodes 13, 
14. The proof masses 12 and flexible support structure 11 that 
connect proof-masses 12 to the anchors 16 are supported by 40 

the handle layer 21 or substrate 21. 
The operating principle of the in-plane tuning fork gyro

scope 10 is based upon a conventional mechanical tuning 
fork's response to rotation. The twin proof-masses 12 are 
centrally anchored and driven into resonant oscillations along 45 

the x-axis using comb-drive electrodes, i.e., interdigitated 
fingers 12a, l3a, l4a, l7a (drive mode). The drive mode is 
excited using the central drive electrode 14 to ensure that the 
proof-masses 12 vibrate anti-phase to one another, preventing 
lock-in to spurious in-plane modes. Coriolis acceleration 50 

induced by rotation about the z-axis is sensed capacitively 
along the y-axis (sense mode). The operating frequency of the 
gyroscope 10 is approximately 15 kHz, and the anchors 16 
and flexures 11 are designed to provide high mechanical 
quality factors by minimizing support loss and thermoelastic 55 

damping. The fully symmetric and differential Coriolis detec
tion mechanically rejects any linear vibration or acceleration 
as common mode. 

A major incentive in using this symmetric tuning fork 
architecture, as opposed to a conventional frame-design or 60 

single-mass-design, is differential sensing capability. As a 
result, linear acceleration/shock signals are rejected as "com
mon mode" without the need for complex electronics. The 
spring-like structure design (provided by the flexible support 
structure 11) makes it possible to drive the solid proof masses 65 

12 linearly with displacement amplitudes in the range of 4-6 
µm. A high Q in the drive mode is necessary to produce large 

1 
MNEfl= --

2qDrive 

The primary energy loss mechanism that leads to Q degra
dation are a combination of support loss, thermoelastic damp
ing and surface roughness profile of flexures. This is dis
cussed by Z. Hao, et al., in "An Analytical Model for Support 
Loss in Micromachined Beam Resonators with In-plane 
Flexural Vibrations," Sensors and Actuators A, Vol. 109, 
December 2003, pp. 156-164. The anchors 16 and the support 
flexures 11 are designed to ensure minimal support loss and 
consequently high Q in the drive and sense modes by torque 
cancellation/reduction. Detailed ANSYS simulations of the 
flexures were performed to optimize structural dimensions 
and to allow the sense mode to occur 50-100 Hz higher than 
the drive mode. Once the gyroscope 10 is fabricated, the sense 
mode is tuned electrostatically using the tuning electrodes 14 
to match the drive mode frequency. FIGS. lb and le show 
exemplary resonant mode shapes for an exemplary gyroscope 
10 as simulated in anANSYS computer simulation ( exagger
ated for clarity). The arrows within the proof masses 12 
indicate direction of motion. 

Quadrature error in the tuning fork gyroscope 10 arises due 
to off-axis motion of the proof-masses 12 owing to fabrica
tion induced device misalignments. This results in unwanted 
zero rate output (ZRO) at the operating frequency of the 
gyroscope 10. In the gyroscope 10, dedicated quadrature 
nulling electrodes 17 are added at the outer comers of each 
proof-mass 12, as shown in FIG. la. The zero rate output is 
minimized in a post fabrication trimming step by applying 
DC voltages at specific quadrature nulling electrodes 17, 
which properly aligns the tuning fork gyroscope 10. 

This alignment involves application of appropriate rota
tional torques on each proof-mass 12, thereby aligning them 
and decreasing the magnitude of the zero rate output. How
ever, the quadrature nulling technique only reduces the 
amount of zero rate output in the gyroscope 10, and does not 
eliminate it altogether. 

FIG. 2a-2d illustrates fabrication of the gyroscope 10. 
Referring to FIG. 2a-2d, the gyroscope 10 comprises a lower 
or handle layer 21 or substrate 21 and the top or device layer 
23, with an insulating layer 22 disposed there between. Dur
ing fabrication, portions of the lower and upper layers 21, 23 
and insulating layer 22 are removed using microelectronic 
fabrication processes to form the gyroscope 10. 

More particularly, FIG. 2a-2d illustrates a process flow 
used to fabricate the gyroscope 10 shown in FIG. la. Only a 
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portion of the gyroscope 10 is illustrated in FIG. 2a-2d. Mov
ing sections of the gyroscope 10 and areas under the comb 
drives 18 are first released from the backside of the wafer by 
etching a handle silicon layer 21 through to a buried oxide 
layer 22 (insulating layer 22) using a well-known Bosch 
process. The buried oxide layer 22 is then removed in a 
reactive ion etching (RIE) system and finally a top layer 23 is 
patterned all the way through, leaving behind a suspended 
structure whose anchors 16 are supported by the handle layer 
or substrate 21 via several support posts 25 of the flexible 10 

support structure 11. The final etch step involves a short 
hydrofluoric acid (HF) etch to release areas under the support 
posts 25. 

The fabrication process is very simple and precludes the 
requirement of any perforations in the proof mass 12, result- 15 

ing in a larger mass per unit area. The simultaneous elimina
tion of a ground plane under the comb drives 18 prevents 
excitation of the out of plane modes and detrimental effects of 
levitation. The fabrication of the device may also be per
formed with the same properties using buried cavity wafers. 20 

8 
as Gilbert multipliers 42, 45, and the outputs of the multipliers 
42, 45 are low-pass filtered to provide a signal proportional to 
the input rotation rate. The sense charmel 41 comprises an 
in-phase multiplier 42 that is coupled through a low pass filter 
43 to an in-phase amplifier 44 that produces a rate output 
signal. The in-phase multiplier 42 receives the in-phase (Drv 
0°) signal. The sense charmel 41 also comprises a quadrature 
multiplier 445 that is coupled through a low pass filer 46 to a 
quadrature amplifier 47 that produces an analog signal that is 
proportional to the quadrature error in the gyroscope. The 
quadrature multiplier 42 receives the quadrature-phase (Drv 
90°) signal. 

Automatic Mode-Matching 
Mode-matching is achieved by increasing the DC polar

ization voltage (VP) on the MEMS structure until electro
static spring softening decreases the sense mode frequency to 
become equal to that of the drive mode (-0 Hz split). The 
sense frequency is -100 Hz higher than the drive frequency to 
allow mode-matching despite process variation. 

Also, despite quadrature nulling, there exists a finite 
amount of residual zero rate output. The amplitude of the 
residual zero rate output is maximized when the modes are 
matched and can therefore be used as an indicator of sensi
tivity of the sensor 30. Additionally, at mode-matched condi-

FIG. 3 illustrates an exemplary angle rate sensor 30 com
prising the tuning fork gyroscope 10 and electronic control 
circuitry 31. There are four main electronic loops including 
drive oscillator, sense charmel, quadrature nulling and trim
ming, and automatic mode-matching. 25 tion, there is a distinct 90° phase shift between the drive 

output and ZRO. FIG. 4 illustrates mode matching character
istics (physical ZRO) for an exemplary gyroscope 10. Once 
matched, synchronous I-Q demodulation is used to distin-

Transresistance front-ends are used in the tuning fork gyro
scope 10 to perform capacitance-to-voltage conversion. The 
T-network transimpedance amplifiers 35, 61 are relatively 
immune to parasitic capacitance (CroT) that is significant in a 
two-chip implementation of the sensor 30, for example. Large 30 

transimpedance gains may be implemented in an area and 
power-efficient manner on-chip by using the T-network tran
simpedance amplifiers 35, 61, as shown in FIG. 3. By strate
gic sizing of the resistor ratio R2/R3, it is possible to obtain 
large signal-to-noise ratios, while keeping noise gain to a 35 

minimum. For example, continuous time CMOS T-network 
transimpedance amplifiers 35, 61 having a minimum detect
able capacitance of0.02 aF!v'Hz and dynamic range of 104 

guish between the quadrature error and the Coriolis signal. 
This is a fundamental concept on which the software control 
algorithm 34 achieves mode-matching and provides for 
reconfigurable system gain. 

The software control algorithm 34 provides for electronic 
tuning of the sense mode resonant frequency to make it equal 
to the drive mode resonant frequency. This feature differen
tiates the mode-matched tuning fork gyroscope 10 from other 
MEMS gyros. More particularly, the electronic control cir
cuitry 31 includes a computer 32 comprising a decimation 
and filtering circuitry/software 33 that is coupled to a pro-dB may be used to perform capacitance-to-voltage conver

sion along both the drive and sense axes. 40 cessing engine that implements the software control algo
rithm 34. The computer 32 and the electronic control circuitry 
31 implement automatic mode matching of the tuning fork 
gyroscope 10. 

The drive mode of the gyroscope is excited into mechanical 
resonance using the drive electrodes 13, 14 which are con
trolled via a drive loop 60. The drive loop 60 comprises a high 
gain T-network transimpedance amplifier 61 having an input 
coupled to the first and second drive electrodes 13 of the 45 

gyroscope 10. The T-network transimpedance amplifier 61 is 
used in a high gain setting. The phase lock loop 67 locks on to 
the resonant frequency. The phase lock loop-based drive loop 
oscillator 64 provides the required phase shifted signals to 
sustain electromechanical drive oscillations and to perform 50 

the required signal processing operations in the sensor 30. 
The output of the divide by four circuit 65 produces signals 
that are in-phase (Drv 0°) and in quadrature-phase (Drv 90°) 
with the velocity of the gyroscope proof-masses. The in
phase (Drv 0°) signal is applied to the phase detector circuit 55 

63. The in-phase (Drv 0°) signal is also coupled by way of a 
gain control amplifier 66 to the central drive electrode 14 to 
maintain electromechanical resonance. 

The output signals from each sense transimpedance ampli
fier 35 are processed by a sense channel 41 to produce rate and 60 

quadrature output signals. When the gyroscope 10 is subject 
to rotation, a Coriolis signal shows up as an amplitude modu
lated (AM) signal at the sensor resonant frequency. The rota
tion signal is extracted by performing synchronous demodu
lation in the sense charmel 41 using the output of the phase 65 

lock loop 60, which is proportional to the velocity of the proof 
mass 12. The multipliers 42, 45 are preferably implemented 

The MEMS sensor 30 may be interfaced to the electronic 
control circuitry 31, which may comprise a CMOS ASIC, and 
the control software algorithm 34. Alternatively, the CMIOS 
ASIC can itself contain the software algorithm by using 
Read-Only-Memory (ROM) andEEPROM. FIG. 7 illustrates 
an exemplary mode matching algorithm 34 while FIG. 7a 
illustrates exemplary timing for the gyroscope 10 using the 
exemplary mode matching algorithm 34. The mechanical 
imperfections of the sensor 30 are exploited to achieve mode 
matching automatically. 

The exemplary mode matching algorithm 34 is initialized 
71 and the zero rate output level is read 72 from the analog
to-digital converter 52. The architecture of the ADC is not 
restricted to a sigma-delta, but can be either a successive 
approximation (SAR) or Flash, as will be evident to one 
skilled in the art. The current zero rate output level (ZROcuK 
RENT) is stored 73. A decision is made 7 4 whether the current 
zero rate output level (ZRO cuRRENT) is greater than or equal 
to the previous zero rate output level (ZROPREvwus)· If the 
current zero rate output level is less than the previous zero rate 
output level, the counter 51 is incremented 75, the polariza
tion voltage (V p) is stepped up 76, and the next zero rate 
output level is read 72 from the analog-to-digital converter52. 
If the current zero rate output level is greater than or equal to 
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the previous zero rate output level, the counter 51 is decre
mented 77, the polarization voltage (V p) is stepped down 78, 
and the phase difference (llcp) is verified 79. 

The automatic mode-matching algorithm 34 iteratively 
increments VP until a maximum in residual ZRO amplitude is 
detected. The 90° phase difference is monitored to ensure that 
mode-matching is achieved. Once matched, the bandwidth of 
the sensor 30 can be controlled by varying VP to introduce a 
controlled frequency separation between the drive and sense 
resonant modes. 10 

10 
(output from the transimpedance amplifier). The output of the 
delta phi (ll<I>) circuit 68 is processed by a phase detector 69 
to monitor the phase difference between the drive and sense 
signals. An XOR phase detector 69 may be used to monitor 
the phase difference between the drive and sense signals. 
Comparators in the phase detector 69 ensure that the output of 
the phase detector 69 is purely indicative of phase change and 
that any amplitude variations are ignored. 

Experimental Results 
FIG. 5 shows results of interfacing the matched-mode tun

ing fork gyroscope 10 to a mode-matching ASIC. In particu
lar, FIG. 5 illustrates mode matching characteristics (known 
V p) for an exemplary gyroscope 10. 

The graph shows that the zero rate output increases as the 
digital-to-analog converter 52 is incremented. Once the maxi
mum has been crossed, the zero rate output level falls and the 
digital-to-analog converter 52 decrements to its previous 
value. The phase relationships between the various signals at 

The mode-matching algorithm 34 may be implemented in 
MATLAB or similar programming language and performs 
three steps in each iteration (FIG. 7) until a maximum in zero 
rate output level is detected. The algorithm 34 (1) sends an 
interrupt (START) to a timing control circuit 38 that generates 15 

digital pulses that read in the bit stream, resets the output of a 
level detector 36 and updates the counter values, (2) compares 
the decimated value of the zero rate output level from the 
current iteration with the value from the previous one, and (3) 
outputs a 2 bit control word to the V p-stepper 54. Once the 
maximum has been detected, VP is decremented to its previ
ous value, which corresponds to peak sensitivity. Exemplary 
timing is shown in FIG. 7 a. The values ofV P and normalized 
zero rate output levels may be stored in a look-up-table 39 
(FIG. 8) during mode matching. Finally, at matched mode, the 25 

distinct 90° phase difference that exists between the drive 
signal (0° Drv) and the zero rate output signal is monitored to 
ensure that mode-matching is achieved. This approach is 
superior in that it is area and power efficient, eliminates 
manual trimming of the gyroscope 10, and provides band- 30 

width progranrmability. 

20 matched-mode are shown in FIGS. 6a and 6b, where the 90° 
phase difference can be verified. More particularly, FIGS. 6a 
and 6b illustrate bandwidth enhancement and mode match
ing, respectively, attained by an exemplary gyroscope 10. The 

T-network transimpedance amplifiers 35 (only one shown) 
process outputs sensed by the respective sense electrodes 15. 
The zero rate output level is detected using the level detector 
36, which may comprise a 6.5 bit linear envelope detector that 35 

includes a gm-cell followed by a full wave rectifier and inte
grator. In the current embodiment, the DC level may be con
verted to a bit-stream using a 1st order ~<I> modulator 37 read 
into the computer 32 via a general purpose interface bus 
(GPIB) and decimated using MATLAB. The integrator in the 40 

~<I> modulator 37 preferably uses a noise-optimized transcon
ductance amplifier similar to that used in the transimpedance 
amplifier 35 and correlated double sampling to mitigate 
flicker noise and offset. In a reduced-to-practice embodiment, 
the power dissipation is 0.9 mW at a clock frequency of 25.6 45 

kHz and measured SNRMAX for a signal of 100 Hz is 86 
dB/Hz. 

frequency domain mode shapes before and after mode
matching are shown in FIGS. 6a and 6b. The matched mode 
quality factor for this device was 36,000, which illustrates 
that quadrature nulling and automatic mode-matching are 
achieved without any degradation in the mechanical quality 
factor of the sensor 30. 

Once matched electronically, the modes are stable and no 
continuous time monitoring or recalibration is necessary. 
Therefore, automatic mode-matching is implemented only 
when the bandwidth of the sensor 30 needs to be reconfigured 
or when recalibration is necessary. In tests performed on a 
reduced-to-practice sensor 30, the 90° phase difference, 
which is a sensitive indicator of system stability, showed a 
drift of only 0.09° over a period of75 hours. The bias stability 
was measured using anAllan variance technique at 25° C. and 
was -0.15 ° /hr, and the corresponding angle random walk was 
0.003 ° lv'hr. These represent the lowest reported values for any 
silicon-based micromechanical gyroscope to date. Once 
matched, the two resonant modes track each other with tem
perature, and mode-matching is maintained precluding the 
need for continuous mode monitoring. 

Electronic Bandwidth Control 
For a micromachined Coriolis vibratory gyroscope, the 

frequency separation between the two resonant modes (M) is 
a measure of the effective open-loop sensor bandwidth. At 
perfect mode-matched operation, the linear full-scale range 

The bit stream from the ~<I> modulator 37 is decimated and 
filtered by the decimation and filtering circuitry/software 33. 
Timing for the sigma-delta ~fl) circuit 37 is provided by the 
timing control circuit 38. 

The software control algorithm 34 is used to iteratively 
increment the DC polarization voltage (V p) applied to the 
MEMS structure (i.e., anchor 16) until a maximum in residual 
ZRO amplitude is detected. This is accomplished using a VP 
stepper circuit 54. The VF-stepper 54 may include an 8-bit 
up-down counter 61 and a 6+3 partially segmented current
steering digital-to-analog (DAC) 52. The up/down counter 51 
counts up, down or holds the value based on the 2-bit control 
word. The algorithm 34 outputs signals (UP/DN) that incre
ment an up/down counter 51. The up/down counter 51 is 
coupled to an 8-bit digital-to-analog converter 52, for 
example, whose output is amplified by a buffer amplifier 53 
and applied to the anchor 16 so as to apply and maintain a 
constant DC polarization voltage (VP). 

50 of a reduced-to-practice sensor 30 is ±20 deg/second for the 
maximum achievable drive-mode amplitude of 4 µm and the 
effective sensor bandwidth is -1 Hz. Such specifications are 
ideal for high-precision measurement and calibration func
tions such as gyro compassing and platform stabilization. 

The in-phase (Drv 0°) signal is coupled to a phase detector 
(ll<I>) circuit 68 which also received the zero rate output signal 

55 While perfect mode matching provides exceptional enhance
ments in bias stability, it places certain limitations on 
dynamic range and sensor bandwidth, which are critical 
parameters in other applications such as commercial elec
tronics (gaming consoles) and vehicle electronic stability 

60 control. 
One particular advantage of the disclosed architecture is 

that once matched, the modes can be mismatched by a known 
amount in a controlled fashion using the up/down counter 51 
to obtain a desired bandwidth. This allows for electronic 

65 bandwidth control, such as is illustrated with reference to 
FIGS. 6a, 8 and 9. FIG. 8 shows a schematic ofan exemplary 
electronic bandwidth control system architecture 80. 
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Referring to FIG. 8, the change in VP (llVp) introduces a 
specific amount of mismatch between the drive and sense 
modes is calculated from the tuning characteristics of the 
gyroscope 10, and stored in a look-up-table 39. Since the 
DAC voltage step is fixed, the number of iterations the DAC 
52 must increment or decrement to achieve the desired fre
quency separation is known. The required number of pulses is 
sent out by the software 34 to a bidirectional counter 51, and 
the VP stepper 54 increments or decrements until the target VP 
is set on the gyroscope 10. This automatically sets the band- 10 

width of the microsensor 30 without addition of an extra 
control loop or added hardware. 

The disclosed mode-matching architecture can introduce a 
controlled mismatch (M) between drive and sense resonant 

15 
frequencies, resulting in an open-loop sensor bandwidth 
equal to llf. From the tuning characteristics, the correspond
ing fl VP is obtained, and the mode-matching algorithm 34 
automatically increments or decrements the counter 51 to the 
desired value of V p, setting the required bandwidth. The 20 

resultant decrease in scale factor may be electronically com
pensated if necessary. FIG. 9 plots scale factor (SF) for dif
ferent bandwidths generated by incrementing and decrement
ing the VP stepper54. Tests ofa reduced-to-practice sensor 30 
indicate that varying VP by 700 m V increases the sensor 25 

bandwidth from 1 to -10 Hz. 
In general terms, the disclosed sensor 30 comprises a gyro

scope 10, such as a microelectromechanical systems tuning 
fork gyroscope 10 having a plurality of proof masses 12, that 
is driven into drive mode resonance by drive electrodes 13 and 30 

exhibit sense mode resonance induced by rotation and 
residual quadrature error sensed by sense electrodes 15. Con
trol circuitry 31 is coupled to the drive electrodes 13 and sense 
electrodes 15 that processes the residual quadrature error to 

35 
generate a polarization voltage applied to the gyroscope 10 to 
minimizing the frequency difference between drive and sense 
resonant modes. The control circuitry 31 may be configured 

12 
The invention claimed is: 
1. Sensor apparatus comprising: 
(1) a microelectromechanical systems gyroscope compris

ing: 
an electrically-conductive substrate having a lower sup

port layer and an upper flexible support layer; 
first and second separated proof masses that lie in and are 

supported by the upper flexible support layer and that 
are separated from the lower support layer; 

first and second drive electrodes disposed at distal ends 
of the proof masses that are insulatively supported by 
the lower support layer and that are separated from the 
upper flexible support layer; 

a central drive electrode disposed between the separated 
proof masses that is insulatively supported by the 
lower support layer and that is separated from the 
upper flexible support layer; 

sense electrodes disposed adjacent to the proof masses 
that are insulatively supported by the lower support 
layer and that are separated from the upper flexible 
support layer; 

quadrature nulling electrodes disposed at distal ends of 
the proof masses that are insulatively supported by the 
lower support layer and that are separated from the 
upper flexible support layer; and 

(2) control circuitry coupled to the lower support layer, the 
drive, sense, and quadrature nulling electrodes that com
prises a mode-matching algorithm that adaptively biases 
the gyroscope so that drive and sense mode frequencies 
are equalized, or are electronically controlled to enhance 
the bandwidth of the gyroscope. 

2. The apparatus recited in claim 1 wherein the first and 
second drive electrodes are disposed adjacent distal ends of 
the respective proof masses. 

3. The apparatus recited in claim 1 wherein adjacent ends 
of the respective proof masses and the drive electrodes com
prise pluralities of interdigitated projections that form comb 
drives. 

to process the residual quadrature error to apply a polarization 
voltage to the gyroscope 10 that separates the drive mode 
resonance from the sense mode resonance to control opera
tional bandwidth of the gyroscope 10. The control circuitry 

4. The apparatus recited in claim 1 wherein the lower 
40 support layer comprises one or more anchors that couple the 

upper flexible support layer to the lower support layer. 
5. The apparatus recited in claim 4 wherein the drive and 

sense mode frequencies are controlled to be at resonance. 31 may be further configured to adjusts the gain of the gyro
scope 10 in proportion to the change in bandwidth of the 
gyroscope 10 to control the sensitivity of the gyroscope 10. 

6. The apparatus recited in claim 1 wherein the quadrature 
45 nulling electrodes are controlled by the control circuitry to 

mechanically balance the proof masses. Thus, a sub-degree per hour noise floor and bias drift sen
sor 30 comprising a mode-matched tuning fork gyroscope 10 
and its associated control circuitry has been disclosed. Per
formance benefits are achieved by operating the tuning fork 
gyroscope 10 in mode-matched condition (i.e., 0 Hz fre- 50 

quency separation between drive and sense resonant modes). 
Electronic bandwidth control and automatic mode-matching 
of the tuning fork gyroscope 10 provide for dynamic configu
ration of parameters of the tuning fork gyroscope 10. This 

55 
makes the tuning fork gyroscope 10 and sensor 30 ideal for 
high precision, low bandwidth applications including gyro 
compassing, and tactical grade systems requiring bandwidths 
on the order of 1 to 10 Hz. 

7. The apparatus recited in claim 1 wherein: 
the proof masses are driven into drive mode resonance by 

the drive electrodes and exhibit sense mode resonance 
induced by rotation and residual quadrature error sensed 
by the sense electrodes; 

and the control circuitry processes the residual quadrature 
error to generate a polarization voltage applied to the 
substrate to minimizing the frequency difference 
between drive and sense resonant modes. 

8. The apparatus recited in claim 7 wherein the control 
circuitry processes the residual quadrature error to apply a 
polarization voltage to the gyroscope that separates the drive 
mode resonance from the sense mode resonance to control 

60 operational bandwidth of the gyroscope. 
9. Sensor apparatus comprising: 

Thus, improved tuning fork gyroscopes and angular rate 
sensors having electronic bandwidth control have been dis
closed. It is to be understood that the above-described 
embodiments are merely illustrative of some of the many 
specific embodiments that represent applications of the prin
ciples of the present invention. Clearly, numerous and other 65 

arrangements can be readily devised by those skilled in the art 
without departing from the scope of the invention. 

a gyroscope that is driven into drive mode resonance by 
drive electrodes and exhibit sense mode resonance 
induced by rotation and residual quadrature error sensed 
by sense electrodes; and 

control circuitry coupled to the drive electrodes and sense 
electrodes that processes the residual quadrature error to 
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generate a polarization voltage applied to the gyroscope 
to minimize the frequency difference between drive and 
sense resonant modes. 

10. The apparatus recited in claim 9 wherein the control 
circuitry applies a polarization voltage to the gyroscope that 
separates the drive mode resonance from the sense mode 
resonance to control operational bandwidth of the gyroscope. 

11. The apparatus recited in claim 10 wherein the control 
circuitry further adjusts the gain of the gyroscope in propor
tion to the change in bandwidth of the gyroscope to control 10 

the sensitivity of the gyroscope. 
12. The apparatus recited in claim 9 wherein the control 

circuitry applies a tuning/balancing voltage to selected sense 

14 
electrodes to tune the drive and sense resonant modes of the 
gyroscope. 

13. The apparatus recited in claim 10 wherein the control 
circuitry further applies a tuning/balancing voltage to 
selected sense electrodes to tune the drive and sense resonant 
modes of the gyroscope. 

14. The apparatus recited in claim 9 wherein the gyroscope 
comprises a microelectromechanical systems tuning fork 
gyroscope having a plurality of proof masses. 

* * * * * 


