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(57) ABSTRACT

A vibration gyro having high bias stability, and a method of
using the gyro for obtaining a precise angular velocity signal
by correcting the bias. The gyro has: a drive signal gener-
ating part configured to generate a multiplexed drive signal;
first and second demodulation circuits configured to gener-
ate first and second demodulation signals, respectively; first
and second control circuits configured to generate first and
second feedback amplitude signals, respectively; a feedback
signal generating part configured to generate a first multi-
plexed feedback signal by multiplexing a first feedback
signal obtained by modulating the first feedback amplitude
signal at the first frequency, and at least one second feedback
signal obtained by modulating the second feedback ampli-
tude signal at the at least one second frequency; and a
subtracter configured to output an angular velocity signal by
subtracting the second feedback amplitude signal from the
first feedback amplitude signal.
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FIG. 4

70 T T T T

65| MAGNITUDE OF
OUTPUT SIGNAL

GAIN(dB)
e O

PHASE OF SENSE
-45 DISPLACEMENT

¢
[

PHASE(deg)
g

-135} 5
T N R ]
Wy Wyt Wy
FREQUENCY (kHz)
FIG. 5a
. FORCE APPLIED TO SENSE
SIGNAL w,:0 SENSE SYSTEM:0° .| SENSE | DISPLACEMENT:-90°
> SYSTEM >
Wy=Wy
FIG. 5b
. FORCE APPLIED TO SENSE
SIGNAL  wy+w 40 SENSE SYSTEM:0° SENSE DISPLACEMENT:-180°
> SYSTEM >
W=ty




Patent Application Publication = Mar. 1, 2018 Sheet 5 of 16 US 2018/0058854 A1

65 | MAGNITUDE OF
OUTPUT SIGNAL

60 -

55 |

50+

GAIN(dB)

PHASE OF |
45| SENSE :
ST DISPLACEMENT !

PHASE(deg)
b
o

~135¢ | ; :
"1 80 L 1 Ia;x | a)|y ] T wx-i-a)a =
FREQUENCY (kHz)
FIG. 7a
) FORCE APPLIED TO SENSE
SIGNAL w0 SENSE SYSTEM:0° SENSE | DISPLACEMENT:0°
S| SYSTEM >
Wy




Patent Application Publication = Mar. 1, 2018 Sheet 6 of 16 US 2018/0058854 A1

FIG. 7b

FORCE APPLIED TO SENSE

SIGNAL w,+wq'0°  SENSE SYSTEM:0® | SENSE

S| SYSTEM DISPLACEMENT:-180° >
Wy
FIG. 8
ELECTRIC SIGNAL:0° PARASITIC COUPLING SIGNAL:0° -

CAPACITANCE -




US 2018/0058854 A1

Mar. 1,2018 Sheet 7 of 16

Patent Application Publication

JONVLIOVAY)
< 06 L0:TYNDIS DNITdNOI [ ILLISYAVd |~ g:qyNoIS 9119713
SN1d: TYNDIS 2
IR 5 06-:TYNOIS 0:30404 JAIYA AIVSSTIANNN
- =9 00— -
St mm 0 AIVSSIOIMNN |,
< 0 Sws 206-YNDIS 31vY | WALSAS [ ,0:A ALIOOTAA|  *m
SMd:TYNDIS_ W[~ S23 4VINONY | 3SN3S ININA| waISAS
: e 081-:404¥3d ,06-:X
SNTd: TYNDIS o
0 AMVSSIHANNN 4N1YYavN0 INIWIOV1dSIa
JATNE
.06-:3SYHd Lo T 06-TTYNDIS
NOILYINQOW3d HOLINOW JAING

INJW3T3 OHAD

-,0:30404

JALdd

6 914

L0Xm IYNDIS
BTN



Patent Application Publication = Mar. 1, 2018 Sheet 8 of 16 US 2018/0058854 A1

FIG. 10

g3

.

g4




US 2018/0058854 A1

Mar. 1,2018 Sheet 9 of 16

Patent Application Publication

wn,//

IYNOIS NOI1J34409

“NOT 1039400

—+

4314y Lndino
TYNDIS JIVY
dVINONY

06"~

S W S

“NOTLO34¥00 340434
TYNDIS JLVY HYINONY

99

A

@° m+ m)uis

4

11NJdI9
NOILY'INJoW3d
(NOJ3S

A

ASVHJ/AONINDFY4 NOILYINAONIQ

(1" m+1*myuls:

0L
w .06
119419
J04INOD AN0D3S -0
89
9
w / oom
11NOd1D 0
J041NOD 1S¥14 o

1INJYI9

NOI.1YINGow3d
18414

@/ A-F muIs:

¢_,//mm<=m\>ozm:ommu NOILYINAoW3ad

» W3LSAS ISNIS
IVNOIS MOVAQ33d | oo™ No 1 TYHEIA

@IXA1dILINN

WA1SAS JATNd
OHAD NOTLVHEIA

TYNDIS 3AT90
aIXITILINN

AP o+ myuis+
Fmyuis
YOLVYINID WHOAIAYM JATHA

A
T04LNOD DoV [*
/Nm
m
TIMEm .
Xoo| TOINGD T1d [*
//om

L1 DI4



US 2018/0058854 A1

Mar. 1,2018 Sheet 10 of 16

Patent Application Publication

JALIYA

——06
SANIN-40XYT = .
RVIWNO| 5 S -06-TWNDIS < 030404 IATH0 AUVSSIOINNN
mm .0 AYYSSIDANNN
<C D < X3 A
0 Dws| 06— TYNDIS 3L1vd | WAISAS [ .0:A ALIDOTAN|  *o
SMIdVNDIS 3V S22 4VINONY | 3SN3S INEA| W3LSAS
NYSANRM LI O - & <
UVIONY| HES|S TR ooox| 3N
SMd:TYNDBIS 34N Ly¥avnd INIWIOVIdSIa
.0 AdVSSIOANNN JAIYa
,06—:3SYHd S L06=TVNDIS
NOILYTNAOWAd YOLINOW JALYQ
TARIE

T L0:39404  L07'™ TYNDIS

JATYd



US 2018/0058854 A1

Mar. 1, 2018 Sheet 11 of 16

Patent Application Publication

<

~

(379191193N) SONIW

TIVNDIS 31VY dVINONY

06

o0

<
~

(3791917193N) SNNIW
-H0YY3 JNLYHAYNO

SN1d:1¥NOIS

J0 AYYSSIINNN

(PHASE DETECTION)

DEMODULATION
CIRCUIT

-081-:3SVHd

NOILV'INdOW3d

-081-TYNDIS 20:30404 JAIHA AYYSSIOINNN
-0 AdYSSIOINNN
R “m F
LOLZ-TYNDIS J1vH | WALSAS [~ .06—:A ALIDOTIA| *m
¥YINONY |  ASNAS ATNA | w3IsAS e
S — - 4 3JAIYQ | -0-30404 0" m+m
,0:4044d 081X JATYA TYNDIS
34N1v4avN0 INJWIV 1dS] : JATYa
JALNd m
< meANDLS
HOLINOW 3JAINQ
q¢l 914



US 2018/0058854 A1

Mar. 1,2018 Sheet 12 of 16

Patent Application Publication

8L\ 1, TYNDIS NOILOFHM09 99~ 06 Linowlo
“NOTLOTM00 |+ sopgy NOILVINGOWD  fe
NOTL03H400 40434
L 1IN0 ITNG W, | o gL M
m<4=wz<@ L . . w ASVHA/AONANDIYA NOTLYINQ0H3a
| | L Lnodiy ][ A 92
| ve LaPm-Pmyug| [|I0wiN0d aNoos[| +le [.06  1rnowio
s | | NOILVINGOWIA e
T ’ ] sopg—" .0 aN0D3S
! o _ (x-1” m+*myuis:
Sy ——H—] (37 m+muls; 89 ISVHd/AONANDY4 NOILYINAOK3C
1 |
INs | w e NOT 1Y NaON30
| ) | LTnodry. |,
| ) | T0MINOD IS¥I 0 1814
| Xonure | (¢/X-¥myuis:
06~ oS YL~ 3SVHd/AON3ND3¥4 NOI LY INAONIC
‘ | | S WIISAS JSNTS
| o+ ] WNDTS Yovaaddd

1III
|
1

¢9

WALSAS JATHA
04AD NOT.LVHEIA

TVNDIS JATHA
aIXId1LINW

1INJUID

A

10Y1NOD 39V

(HFPUIS+AV)UIS+HI M)UIS=)

A m-r*oyuig+
A7 M+ myuig+
(Fm)uis

d0.1VHINTD WHO43AVM JATHA

I
|
_
_
I /
[
I
|

1INJUID
1041NO9 T1d

¢S

<
<

f

0G

¢l 914



US 2018/0058854 A1

Mar. 1, 2018 Sheet 13 of 16

Patent Application Publication

AATYA

89
P
JONVLIOVAYD
< 06 L0 TYNDIS DNITdNOO | OLLISVHYd | - qyNpIS 214193713
(3719191793N) SONIW =
TIYNDIS 3LvY HYINONY S
=3 ,081-TYNDIS ,0:30404 JAINA AMYSSIOANNN
= .0 AMVSSIOANNN
MD ...... Xm P
< 0 2 LOLC-TYNDIS 3LvY [ WALSAS 06N xm
QIADIOINSINI| ™ E23 YVINONY | 3SNIS | ALIOOTIA IATNA| WaLSAS ke
-HOYYd FdNLvdavno Emuanm S —— JATNA .0:30404
snid:wNoIs| EE 08]-X
0 AYSSIOANNN FNLYHAYND INFWFOY1dSIaL—
SNNIW: YNDIS AN
ONI1dN09 B i
.081~3SVHd VLT os-vNDIS gy
NOILYINAON3A HOLINOW JAINQ
eyl Hl4

0P m
TYNDIS
JALYd



US 2018/0058854 A1

Mar. 1, 2018 Sheet 14 of 16

Patent Application Publication

89
\
JONVLIOVAVD
< 06 .0:TYNBIS BNI1dN0d| _OLLISYHVd [S0:7vNDIS o1¥10T T
(31191 793N) SONIW 2
“TWNSTS 3LvH UV INDNY =
=5 L0:TYNDIS .0:30804 JATYA AYYSSIOINNN
25 0 AYVSSIIANNN
=5 o
< 0 SwE L6+ TYNDIS I1vY | WALSAS [S06+A ALIDOTAA| *m
FADIPINSIN|® 23 UVINONY | 3SNIS INHA| WaISAS
H0¥H3 JINLVAVID| FEE L A | 03Md gPm—m
SNTd: TYNDIS 2040443 0:X IR YNDIS
.0 A4YSSIOINNN 2N 1v4avND INFWovIdsial IAING
SN1d: YNDIS eI
DNI1dN0D B |
,0:ISVHd A OIS gy
NOILLY INdON3a HOLINOW 3AT¥G
qy1 OI14



US 2018/0058854 A1

8L~ —, NDIS NOILOFNM00 S L (1T
ya v oAad00 L "NoTIo3u400 J0438 0L swvg_ | .0 N0D3S
TNDLS 1YY, -~ 9IS 1vd dVINONY. M AP o myulg:
L | 3SVHd/AONINDIYS NOT LY INAOKA
I G0 (TR e T
© m v tarmmus) | [ owoas | LTz 1041NOD QHIHI~ g
4 | .06 LIN0Y10
Ao e T e
— _ h N 0
2 Shy—H | - Qa3+u«x3vc_wm 89 mmn<\. (1" M+ m)uig: 98
2 ! ! w ASYHA/AONINOIY4 NO1.1vIndoi3a _,_w,__mwmwwo
@ e | o ~] <08 LINDYID
® | | [ Linow1o NOI LY INQON3C i) .
S | « | J04INOD .0 18414
- ] \m o~ m 18414 @/x-Y'm)yuig: i
- 06" s | 1~ 35VHd/AONENDRE RO1 1Y INQOHHC
S | Hf_ __ TVNBTS Yovaagad’| JALSAS 3SN3S | s —95
| o | AT |0uAD NoT1v¥aIA NOT103130
| | W3LSAS JAINC
E T P TYNDTS 3ATHq LAY zw:ém;
RO - - L BN Y
= \AMN/ | L1019 1],
E 29—\ - _ _ T04LNOD D9V
. | T [GRous@us-aFmuiss] |, g
2 86777 (A" m-1r muig+ _ 1IN9410
g e @ oy muige [0 104INgD T1d [°
S i (¥ muls ! ——0g
= . | MOLVHINID WHOAIAVM JAINA [ 09
= Gl 914 . Lu
=
[=P]
=
[~™



US 2018/0058854 A1

Mar. 1,2018 Sheet 16 of 16

Patent Application Publication

99
S
JONVLIOVAY)
< 06 _0-TVNDIS BNITdN0D|  DILISYYVd [So-wNoIS o1dod 1
SNNII: Y0¥ =
JUNLyaYNd = :
=3 L0:TYNDIS ,0:30404 JAIYA AYYSSIOINNN
= 0 AYYSSIOINNN |
== ?
< == L0 TYNDIS 3LvY | WALSAS [T .0:A ALIDOTAA| *m
sNIdVNBIS| T £23 MYINONY | 3ISNIS Q| pNa3ISAS
ONI1dN0D| ZEE Inda | .0:30804
: oS — 06—:X
SN1d:TYNDIS 064041 o JALNQ
31V ¥V INONY NLYHAvNO INFWIOVIdSIa
SNTd:TYNDIS JAl4d
0 AYVSSIDANNN J
.0:3SVHd LT 06— TVNDIS g
NOILYINAOW3da HOLINOW JAI¥G
91 I

L0700 TYNDIS
JATYA



US 2018/0058854 Al

VIBRATION GYRO HAVING BIAS
CORRECTING FUNCTION, AND METHOD
OF USING VIBRATION GYRO

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority from Japa-
nese Patent Application No. 2016-153949 filed on Aug. 4,
2016, the entire contents of which are fully incorporated
herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The present invention relates to a vibration gyro, in
particular, a high-performance vibration gyro having a bias
correcting function, produced by a Micro-Electro-Mechani-
cal-Systems (MEMS). The present invention also relates to
a method of using the vibration gyro.

2. Description of the Related Art

[0003] Due to a micromachining technique rapidly devel-
oped since the 1990s, a large quantity of sensor structures
can be produced in one process. For example, a bulk silicon
wafer is bonded onto a silicon substrate having an insulating
film or a glass substrate, and then the wafer is processed by
chemical etching, such as wet etching or dry etching so as
to form a mechanical sensor structure. As a sensor based on
the MEMS technique, an acceleration sensor or a vibration
gyro may be used, for example, in many fields including an
automobile, inertia navigation, a digital camera, and a game
machine, etc.

[0004] In particular, a vibration gyro utilizes Coriolis force
generated when a movable article capable of vibrating in one
direction is subject to rotational motion. When a vibrating
movable mass is subject to rotational motion, the movable
mass is subject to Coriolis force which acts in the direction
perpendicular to both the vibrating direction and the rota-
tional direction, and then the movable mass is displaced in
the acting direction of the Coriolis force. The movable mass
is supported by a spring which allows the mass to be
displaced in the acting direction, and thus the Coriolis force
and an angular velocity generating the Coriolis force can be
detected based on the displacement of the movable mass.
The displacement of the movable mass can be determined
based on, for example, capacitance change of a parallel
plate-type capacitor or a comb-type capacitor, having a pair
of parallel plate structures or a pair of comb structures,
wherein one of the structures is fixed and the other is
movable together with the movable mass.

[0005] As a means for improving output stability of a
vibration gyro, a means for reducing or eliminating an
orthogonal bias value (i.e., a quadrature error or 90 degrees
component) or a parallel bias value (i.e., a zero degree
component) may be used. For example, JP 2013-253958 A,
JP2014-178195 A or JP 2015-203604 A discloses a vibration
gyro having a means for correcting the orthogonal bias
value. These documents describes that, with respect to
rotational vibratory displacement due to structural or
dynamical asymmetricity of a drive mass of the gyro, due to
electrostatic force generated by applying AC voltage having
an appropriate phase to a correction electrode positioned
adjacent to a sense mass or by applying DC voltage to a
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correction electrode positioned adjacent to the drive mass,
an output of the orthogonal bias can be reduced, whereby
stability of the gyro can be significantly improved.

[0006] Further, JP 2015-230281 A discloses a vibration
gyro having a means for correcting the parallel bias value.
This document describes that, by driving the gyro by using
a multiplexed signal including a plurality of frequencies, a
correction signal, including only an undesired drive signal
due to undesired driving force and/or an undesired signal
such as a coupling signal due to parasitic capacitance, can be
generated, whereby a precise angular velocity signal (or rate
output) can be obtained by subtracting the correction signal
from a rate signal.

[0007] The vibration gyro disclosed in JP 2013-253958 A,
JP 2014-178195 A or JP 2015-203604 A has the means for
reducing or correcting the orthogonal bias value (the quadra-
ture error or 90 degrees component), and the phase of the
orthogonal bias is shifted from the angular velocity signal by
90 degrees. However, the signals output from the vibration
gyro may include not only the signal (or the 90 degree
component such as the quadrature error) having the phase
shifted from the angular velocity signal by 90 degrees, but
also the undesired signal (or the zero degree component)
having the phase equal to the phase of angular velocity
signal.

[0008] On the other hand, the vibration gyro disclosed in
JP 2015-230281 A has the correction means for: driving the
gyro by using a second drive signal having a second fre-
quency; detecting a response signal from the gyro; detecting
only a parallel bias value (or zero degree component B)
having the same phase as the angular velocity signal as a
correction signal; driving the gyro by using a first drive
signal having a first frequency; detecting a parallel bias
value (or zero degree component A) detected from the
response signal; and subtracting the zero degree component
B from the angular velocity signal including zero degree
component A. However, since detection gains of zero degree
component B and zero degree component A are different
from each other, it is necessary to amplify or attenuate zero
degree component B by using a gain circuit so that the
detection gains are equal to each other. Therefore, when an
accuracy of adjustment of the gain circuit is relatively low,
a sufficient effect of the correction may not be obtained.

SUMMARY OF THE INVENTION

[0009] An object of the present invention is to provide a
vibration gyro having high bias stability, configured to:
detect the parallel bias value (zero degree component)
having the same phase as the angular velocity signal;
conform the detection gain of the parallel bias value (zero
degree component) to the detected angular velocity signal
(including the parallel bias); and detect a precise angular
velocity signal (not including the parallel bias) by subtract-
ing the parallel bias value (zero degree component) from the
angular velocity signal (including the parallel bias). Another
object of the present invention is to provide a method of
using the vibration gyro for obtaining a precise angular
velocity signal by correcting the bias.

[0010] Accordingly, one aspect of the present invention
provides a vibration gyro comprising: drive masses config-
ured to be driven and vibrated; a sense mass configured to
be displaced by a Coriolis force generated by an angular
velocity; a drive signal generating part configured to gen-
erate a multiplexed drive signal by multiplexing a first drive
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signal and at least one second drive signal, the first drive
signal having a first frequency corresponding to a resonance
frequency of the drive masses, and the at least one second
drive signal having at least one second frequency different
from the first frequency; a first demodulation circuit con-
figured to generate a first demodulation signal by demodu-
lating a detection signal of the sense mass at the first
frequency; at least one second demodulation circuit config-
ured to generate at least one second demodulation signal by
demodulating the detection signal of the sense mass at the at
least one second frequency; a first control circuit configured
to generate a first feedback amplitude signal from the first
demodulation signal; a second control circuit configured to
generate a second feedback amplitude signal from the at
least one second demodulation signal; a feedback signal
generating part configured to generate a first multiplexed
feedback signal by multiplexing a first feedback signal and
at least one second feedback signal, the first feedback signal
being obtained by modulating the first feedback amplitude
signal at the first frequency, and the at least one second
feedback signal being obtained by modulating the second
feedback amplitude signal at the at least one second fre-
quency; and a subtracter configured to output an angular
velocity (rate) signal by subtracting the second feedback
amplitude signal from the first feedback amplitude signal.

[0011] In a preferred embodiment, the at least one second
frequency includes a frequency A, higher than the first
frequency and the resonance frequency of the sense mass,
and a frequency B, lower than the first frequency and the
resonance frequency of the sense mass; the at least one
second drive signal includes a drive signal A, having the
frequency A and a drive signal B, having the frequency B
the at least one second demodulation signal includes a
demodulation signal A, demodulated at the frequency A,
and a demodulation signal B, , demodulated at the fre-
quency B the second control circuit generates the second
feedback amplitude signal by using a signal obtained by
adding the demodulation signal A, to the demodulation
signal B,,,; and the at least one second feedback signal
includes a feedback signal A, obtained by modulating the
second feedback amplitude signal at the frequency A and a
feedback signal B, obtained by modulating the second
feedback amplitude signal at the frequency B,

[0012] In a preferred embodiment, the vibration gyro
further comprises: a third control circuit configured to
generate a third feedback amplitude signal from a signal
obtained by subtraction process of the demodulation signal
A, and the demodulation signal B, ; a modulator config-
ured to generate a second multiplexed feedback signal by
modulating the third feedback amplitude signal at frequen-
cies of the multiplexed drive signal; and a subtracter con-
figured to obtain a signal by subtracting the second multi-
plexed feedback signal from the detection signal of the sense
mass, and feedback the obtained signal to the first and
second demodulation circuits.

[0013] Another aspect of the present invention provides a
method of using a vibration gyro including drive masses
configured to be driven and vibrated and a sense mass
configured to be displaced by a Coriolis force generated by
an angular velocity, the method comprising the steps of:
generating a multiplexed drive signal by multiplexing a first
drive signal and at least one second drive signal, the first
drive signal having a first frequency corresponding to a
resonance frequency of the drive masses, and the at least one
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second drive signal having at least one second frequency
different from the first frequency; generating a first demodu-
lation signal by demodulating a detection signal of the sense
mass at the first frequency; generating at least one second
demodulation signal by demodulating the detection signal of
the sense mass at the at least one second frequency; gener-
ating a first feedback amplitude signal from the first
demodulation signal; generating a second feedback ampli-
tude signal from the at least one second demodulation
signal; generating a first feedback signal by modulating the
first feedback amplitude signal at the first frequency; gen-
erating at least one second feedback signal by modulating
the second feedback amplitude signal at the at least one
second frequency; generating a first multiplexed feedback
signal by multiplexing the first feedback signal and the at
least one second feedback signal, the first multiplexed
feedback signal being fed back to the vibration gyro; and
outputting an angular velocity signal obtained by subtracting
the second feedback amplitude signal from the first feedback
amplitude signal.

[0014] In a preferred embodiment, the at least one second
frequency includes a frequency A, higher than the first
frequency and the resonance frequency of the sense mass,
and a frequency B, lower than the first frequency and the
resonance frequency of the sense mass; the at least one
second drive signal includes a drive signal A, having the
frequency A and a drive signal B, having the frequency B
the at least one second demodulation signal includes a
demodulation signal A, demodulated at the frequency A,
and a demodulation signal B, , demodulated at the fre-
quency B the method further comprises the step of: gen-
erating the second feedback amplitude signal by using a
signal obtained by adding the demodulation signal A, to
the demodulation signal B, wherein the at least one
second feedback signal includes a feedback signal Ag
obtained by modulating the second feedback amplitude
signal at the frequency A, and a feedback signal B, obtained
by modulating the second feedback amplitude signal at the
frequency B,

[0015] In a preferred embodiment, the method further
comprises the steps of: generating a third feedback ampli-
tude signal from a signal obtained by subtraction process of
the demodulation signal A, ; and the demodulation signal
B,..; generating a second multiplexed feedback signal by
modulating the third feedback amplitude signal at frequen-
cies of the multiplexed drive signal; and subtracting the
second multiplexed feedback signal from the detection sig-
nal of the sense mass.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The above and other objects, features and advan-
tages of the present invention will be made more apparent by
the following description of the preferred embodiments
thereof, with reference to the accompanying drawings,
wherein:

[0017] FIG. 1a is a plane view of an example of a basic
structure of a vibration gyro according to the present inven-
tion;

[0018] FIG. 15 is a cross-sectional view of the gyro along
a II-IT line of FIG. 1a;

[0019] FIG. 1c is a cross-sectional view of the gyro along
a III-111 line of FIG. 1a;

[0020] FIG. 2 is a graph showing frequency transfer
characteristics of a drive system of the vibration gyro;
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[0021] FIG. 3a is a block diagram showing transfer char-
acteristics of the drive system of the gyro when a drive
signal having a drive resonance frequency is input to the
£yro;

[0022] FIG. 35 is a block diagram showing transfer char-
acteristics of the drive system of the gyro when a drive
signal having a frequency higher than the drive resonance
frequency is input to the gyro;

[0023] FIG. 4 is a graph showing frequency transfer
characteristics of a sense system of the vibration gyro in a
mode-matching state;

[0024] FIG. 5a is a block diagram showing transfer char-
acteristics of the sense system of the gyro when the drive
signal having the drive resonance frequency is input to the
gyro in the mode-matching state;

[0025] FIG. 56 is a block diagram showing transfer char-
acteristics of the sense system of the gyro when the drive
signal having the frequency higher than the drive resonance
frequency is input to the gyro in the mode-matching state;
[0026] FIG. 6 is a graph showing frequency transfer
characteristics of the sense system of the vibration gyro in a
non-mode-matching state;

[0027] FIG. 7a is a block diagram showing transfer char-
acteristics of the sense system of the gyro when the drive
signal having the drive resonance frequency is input to the
gyro in the non-mode-matching state;

[0028] FIG. 75 is a block diagram showing transfer char-
acteristics of the sense system of the gyro when the drive
signal having the frequency higher than drive resonance
frequency is input to the gyro in the non-mode-matching
state;

[0029] FIG. 8 is a block diagram showing frequency
transfer characteristics due to an electrical coupling in the
vibration gyro;

[0030] FIG. 9 is a block diagram showing a signal output
when the drive signal having the drive resonance frequency
is input to the gyro in the mode-matching state;

[0031] FIG. 10 is a partial enlarged view of a left-side
drive mass of the vibration gyro of FIG. 1;

[0032] FIG. 11 is a block diagram showing a configuration
of a vibration gyro according to a first embodiment of the
present invention;

[0033] FIG. 12a is a block diagram showing a signal
output when a coupling is negligible, as an example to which
the first embodiment can be applied, wherein the drive
masses are driven at a mode-matching resonance frequency;
[0034] FIG. 125 is a block diagram showing a signal
output when a coupling is negligible, as an example to which
the first embodiment can be applied, wherein the drive
masses are driven at a frequency higher than the mode-
matching resonance frequency;

[0035] FIG. 13 is a block diagram showing a configuration
of'a vibration gyro according to a second embodiment of the
present invention;

[0036] FIG. 14a is a block diagram showing a signal
output when a coupling is not negligible, as an example to
which the second embodiment can be applied, wherein the
drive masses are driven at a mode-matching resonance
frequency;

[0037] FIG. 14b is a block diagram showing a signal
output when a coupling is not negligible, as an example to
which the second embodiment can be applied, wherein the
drive masses are driven at a frequency lower than the
mode-matching resonance frequency;
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[0038] FIG. 15 is a block diagram showing a configuration
of a vibration gyro according to a third embodiment of the
present invention; and

[0039] FIG. 16 is a block diagram showing a signal output
in the third embodiment, wherein the drive masses are
driven at a non-mode-matching resonance frequency.

DETAILED DESCRIPTIONS

[0040] FIG. 1a is a plane view exemplifying a basic
structure of a vibration gyro (or MEMS gyro element) 1
according to the present invention, and FIGS. 16 and 1c¢ are
cross-sectional view along II-1I and III-1II lines of FIG. 14,
respectively.

[0041] In each drawing, reference numeral 2 represents a
substrate constituted by an insulating material such as glass,
and other structural components of vibration gyro 1 are
made from monocrystalline silicon. In vibration gyro 1 of
FIGS. 1a to 1¢, drive masses 4 and 6, made from monoc-
rystalline silicon, positioned on left and right sides (in this
case, drive mass 4 is positioned on the left side) are
supported by at least one (four in the embodiment) drive
supporting element 8 and at least one (four in the embodi-
ment) drive supporting element 10, respectively, the sup-
porting elements extending in a Y-direction. Drive support-
ing elements 8 and 10 are configured so that the rigidity
thereof in a drive direction (an X-direction) or a horizontal
direction parallel to a surface of substrate 2 is lower than the
rigidity thereof in the other direction, whereby drive masses
4 and 6 are movable in the X-direction. Drive masses 4 and
6 are connected by a center connecting spring 12 which is an
elastic connecting element.

[0042] The other ends of drive supporting elements 8 and
10, which are not connected to drive masses 4 and 6,
respectively, are connected to a generally ring-shaped sense
mass 14 which is arranged so as to surround drive masses 4
and 6. Sense mass 14 is supported by at least one (four in the
embodiment) sense supporting element 16, and the other end
of sense supporting element 16 is connected to a peripheral
anchor 18 bonded to substrate 2. In the drawings, a black out
section corresponds to a portion fixed to substrate 2, and the
other section (a white or outlined section) corresponds to a
portion which is movable or not fixed to the substrate.
[0043] Sense supporting element 16, which supports sense
mass 14, is configured so that the rigidity of the element in
a rotational direction with respect to the Z-axis perpendicu-
lar to the surface of substrate 2 is lower than the rigidity
thereof in the other direction, whereby sense mass 14 is
rotatably vibrated about the Z-axis. As shown in the cross-
sectional views of FIGS. 15 and 1¢, drive masses 4 and 6,
drive supporting elements 8 and 10, center connecting
element 12, sense mass 14, and sense supporting element 16
are opposed to substrate 2 with a predetermined gap ther-
ebetween.

[0044] As shown in FIG. 1a, drive mass 4 on the left side
is a generally rectangular frame member, and has a comb
electrode 22 extending from an outer side (away from the
center) of the frame to a center side of the frame. Opposed
to comb electrode 22, a left drive fixed comb electrode 24 is
fixed to substrate 2, whereby left drive mass 4 can be driven
and vibrated in the left-right direction (or the X-direction).
Similarly, drive mass 6 on the right side is a generally
rectangular frame member, and has a comb electrode 26
extending from an outer side (away from the center) of the
frame to a center side of the frame. Opposed to comb
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electrode 26, a right drive fixed comb electrode 28 is fixed
to substrate 2, whereby right drive mass 6 can be driven and
vibrated in the left-right direction (or the X-direction).
[0045] Left drive mass 4 has a comb electrode 30 extend-
ing from the center side to the opposing side thereof, and
opposed to comb electrode 30, a left drive monitor fixed
comb electrode 32 is fixed to substrate 2, whereby an
amount of displacement of left drive mass 4 can be mea-
sured. Further, right drive mass 6 has a comb electrode 36
extending to the center side from to the opposing side of a
frame 34 arranged at the center side of right drive mass 6,
and opposed to comb electrode 36, a right drive monitor
fixed comb electrode 38 is fixed to substrate 2, whereby an
amount of displacement of right drive mass 6 can be
measured.

[0046] When an angular velocity (or an angular rate) about
the Z-direction is input to vibration gyro 1, the drive masses
on the left and right sides are rotatably vibrated as well as
sense mass 14. Therefore, comb electrodes 30 and 36
arranged at the drive masses are also rotatably displaced, and
then the positional relationships between comb electrodes 30
and 36 and drive monitor fixed comb electrodes 32 and 38,
respectively, are varied. As a result, a capacitance between
the opposing electrodes is changed, whereby a monitor
output may be affected. Therefore, it is preferable that the
monitoring mechanism for the drive masses (i.e., comb
electrodes 30, 32, 36 and 38) be positioned as close to the
(rotational) center of sense mass 14 as possible.

[0047] Apparent from FIG. 14, the monitoring mechanism
of left drive mass 4 (i.e., comb electrodes 30 and 32) and the
monitoring mechanism of right drive mass 6 (i.e., comb
electrodes 36 and 38) are not symmetrical with respect to the
Y-axis. This is intended to constitute the left and right
monitoring mechanisms as a so-called differential structure.
Concretely, when the left and right drive masses are moved
toward the center, the gap between opposing comb elec-
trodes in the left monitoring mechanism becomes larger, and
the gap between opposing comb electrodes in the right
monitoring mechanism becomes smaller. In case that a drive
AC voltage is applied to fixed comb electrodes 24 and 28,
unnecessary monitor output may occur due to a coupling
current which flows in the monitor comb electrode by a
surrounding stray capacitance (parasitic capacitance). How-
ever, the above differential structure may eliminate or reduce
the effect of the coupling current.

[0048] Due to the asymmetry of the left and right monitor
electrodes as described above, moments of the left and right
drive masses are different. Then, as shown in FIG. 1a, it is
preferable that left drive mass 4 have a frame 40 symmetri-
cal to frame 34, and have a dummy comb electrode 42 to
which a voltage is not applied, so that the left and right drive
masses are symmetrical.

[0049] As shown in FIG. 1a, sense mass 14 has a comb
electrode 44 which radially and outwardly extends, and
sense monitor fixed comb electrodes 46 and 48, which are
opposed to comb electrode 44, are fixed to substrate 2. In
detail, in a right region straddling first and fourth quadrants
of the X-Y plane, sense monitor fixed comb electrode 46 is
fixed opposed to a part of comb electrode 44 in the right
region, and in a left region straddling second and third
quadrants of the X-Y plane, sense monitor fixed comb
electrode 48 is fixed opposed to a part of comb electrode 44
in the left region. Further, sense monitor fixed comb elec-
trodes 46 and 48 constitute a differential mechanism. Con-
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cretely, when sense mass 14 rotates clockwise about the
Z-axis, a gap between the opposing electrodes in the right
region becomes larger, and a gap between the opposing
electrodes in the left region becomes smaller. By virtue of
such a differential mechanism using the change in capaci-
tance between the two comb electrodes, a common mode
noise generated in the sense mass can be canceled, whereby
more accurate measurement may be carried out. In the
vibration gyro as shown in FIG. 14, the driving-vibration of
the drive masses does not vibrate or excite the sense mass at
the similar amplitude of vibration, i.e., the driving-vibration
and the sensing-vibration are substantially separated. There-
fore, a leakage output can be significantly reduced, and a
bias value and/or the fluctuation thereof due to the leakage
output can be limited.
[0050] Vibration gyro 1 as shown in FIG. 1la may be
manufactured by using a micromachining process as fol-
lows.
[0051] First, a glass plate is processed by wet etching
using hydrofluoric acid, etc., so that a predetermined gap
(see FIGS. 16 and 1¢) is formed between glass substrate 2
and the movable components of the gyro. In this regard, on
an area of the glass plate not to be etched, i.e., other than a
portion of the glass which will become the gap, a resist mask
is formed by using a semiconductor photolithography tech-
nique, etc.
[0052] Next, the glass substrate and a silicon plate are
bonded by anodic bonding technique, etc. In this step, the
silicon plate is polished so that the silicon plate has a
predetermined thickness, and selective spattering of conduc-
tive metals, such as Cr & Au, is carried out on an area which
is to be a bonding pad, whereby an electrode pad (not
shown) is formed.
[0053] Further, on the surface (polished surface) of the
bonded silicon plate, a resist pattern as shown in the plane
view of FIG. 1qa is formed by a mask material such as a
photoresist, by utilizing photolithography technique. Also,
an area of the silicon plate not to be etched is protected by
a resist mask.
[0054] Then, through-etching is carried out in the thick-
ness direction of the silicon plate, by dry etching using an
RIE facility, etc. A basic structure of the vibration gyro can
be manufactured in the manufacturing process using the
micromachining technique as described above.
[0055] As such, necessary materials for manufacturing the
gyro are the silicon plate and the glass substrate only. By
using the glass material having the generally same linear
expansion coeflicient as the silicon plate, structural strain
(thermal strain) and/or stress (thermal stress) due to change
in temperature is not likely to occur, whereby there is
provided a vibration gyro which is structurally stable and
has excellent property.
[0056] Next, the function of the vibration gyro will be
explained. For example, when the sense mass having mass
M is vibrated with velocity Vx in the X-direction, an
absolute value of Coriolis force Fy in the Y-direction, which
is generated when the sense mass is rotated about the Z-axis
(at rotational angular velocity wz), is represented as follow-
ing.

Fy=20z-M-Vx
[0057] Therefore, in the vibration gyro for determining the

angular velocity by detecting the displacement of the sense
mass due to Coriolis force Fy, it is necessary to excite or
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vibrate the drive mass with velocity Vx. As the method
therefor, a comb drive method using an electrostatic force
may be used.

[0058] When a summation of DC voltage V. and AC
voltage V- is applied between left drive mass 4 and left
drive comb electrode 24, and between right drive mass 6 and
right drive comb electrode 28, a driving force, having the
same voltage cycle as V., is generated. On the other hand,
since left drive mass 4 and right drive mass 6 are connected
to each other by elastic connecting spring 12, the drive
masses represent anti-phase vibration mode wherein the
drive masses move close to and away from each other.
Therefore, by vibrating the drive masses while the frequency
of V,. coincides with the resonance frequency of the
anti-phase vibration mode, drive masses 4 and 6 represent
the anti-phase vibration wherein the drive masses move
close to and away from each other. Velocity Vx of this
vibration is detected as a change in electrostatic capacitance
via an electric circuit, by left and right monitor comb
electrodes 32 and 38, and the detected velocity is used for
AGC (auto gain control) for keeping the amplitude of the
driving-vibration constant.

[0059] During left and right drive masses 4 and 6 are
vibrated in the X-direction at the opposite phases, when
angular velocity wz about the direction perpendicular to the
plane of FIG. 1a (the Z-direction) is input, Coriolis force Fy
in the Y-direction at the opposite phases is applied to the left
and right drive masses. Due to the Coriolis force, a rotational
torque about the Z-axis is applied to sense mass 14, and
sense mass 14 is rotationally vibrated about the Z-axis. As
a result, the electrostatic capacitance between comb elec-
trode 44 arranged on sense mass 14 and first and second
sense fixed comb electrodes 46 and 48 is varied in differ-
ential manner. In the present invention, when electrically
reading the differential variation of the capacitance,
extremely accurate angular velocity wz can be detected by
extracting a pure angular velocity (rate) signal by using a
multiplexed drive signal, as explained below.

[0060] Hereinafter, a basic concept (frequency transfer
characteristics of the drive masses and the sense mass, etc.)
of the present invention will be explained with reference to
FIGS. 2 to 8. First, FIG. 2 is a graph showing the frequency
transfer characteristic of the drive system. Apparent from an
(upper) graph in FIG. 2 showing a magnitude of an output
signal, when the drive signal having a drive resonance
frequency w, is input, a significantly large signal is output
(section A in FIG. 2). In this case, a signal phase of the
output of the drive displacement (drive monitor) relative to
the input signal is =90 degrees, and a signal phase of the
drive velocity is zero (see middle and lower phase graphs).
This transfer characteristic is indicated in a block diagram of
FIG. 3a. Hereinafter, the expression of the phase of the
output signal (“90°” etc.) means a deviation of the phase (or
a phase shift) of the output signal relative to the input signal.
[0061] On the other hand, when the drive signal having a
frequency (e.g., (w,+m,)) higher than the drive resonance
frequency is input, a considerably small signal is output
(section B in FIG. 2), in comparison to the case that the drive
signal having drive resonance frequency w, is input. An
intensity of the output signal is considerably small relative
to an intensity of a signal to be normally detected, and thus
the intensity of the output signal is negligible in most cases.
FIG. 34 is a block diagram in which such a negligible signal
is indicated by a dotted line. With respect to the output phase
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of the signal which is negligible in most cases, the drive
displacement (or the drive monitor) is —180°, and the drive
velocity is —=90° (see middle and lower phase graphs of FIG.
2). Also in block diagrams as explained below, the negligible
signal is indicated by a dotted line.

[0062] FIG. 4 is a graph showing the frequency transfer
characteristic of the sense system. Although the frequency
transfer characteristic of the sense system is generally the
same as that of the drive system, FIG. 4 shows that a Q factor
(i.e., a quality factor representing sharpness of resonance
characteristic) of the sense system is lower than the drive
system. FIG. 4 also shows that drive system resonance
frequency w, and sense system resonance frequency o, are
coincide with each other (i.e., the mode-matching state). In
this regard, with respect to the transfer characteristic when
a signal having drive system resonance frequency m, is
input, the phase of a signal representing the sense displace-
ment is =90° (section C in FIG. 4). FIG. 5a is a block
diagram showing the transfer characteristic corresponding to
section C.

[0063] On the other hand, when the drive signal having the
frequency (e.g., (w,+m,)) higher than the drive resonance
frequency (and the sense resonance frequency) is input, the
phase of the output signal is delayed by —180° (section D in
FIG. 4). FIG. 5b is a block diagram showing the transfer
characteristic corresponding to section D.

[0064] FIG. 6 is similar to FIG. 4, but shows a graph of the
frequency transfer characteristic of the sense system when
sense system resonance frequency o, is different from drive
system resonance frequency o, (w,<w,) (i.e., in the non-
mode-matching state). Since the vibration gyro is driven by
the drive system resonance frequency so as to detect the
angular velocity, the frequency of the signal input into the
sense system is normally equal to drive system resonance
frequency .. Therefore, the phase of the signal of the sense
system is nearly unchanged when the vibration gyro is
driven at drive system resonance frequency w,, i.e., the
sense displacement is almost zero degree (0°) (section E in
FIG. 6). FIG. 7a is a block diagram showing the transfer
characteristic corresponding to section E.

[0065] On the other hand, when the drive signal having the
frequency (e.g., (w,+m,)) higher than the drive resonance
frequency (and the sense resonance frequency) is input, the
phase of the output signal is delayed by —180° (section F in
FIG. 6). FIG. 7b is a block diagram showing the transfer
characteristic corresponding to section F.

[0066] FIG. 8 is a block diagram showing the frequency
transfer characteristic due to an electrical coupling (or the
parasitic capacitance) in the vibration gyro. It is very easy to
understand the frequency characteristic due to the electrical
coupling. Concretely, in a frequency range of the vibration
gyro, the phase of the coupling signal due to the parasitic
capacitance is not substantially changed. In other words, the
phase of the output signal is the same as the phase of the
input signal. In addition, the magnitude of the signal
depends on the value of the parasitic capacitance only, and
the magnitude of the output signal does not depend on the
frequency.

[0067] To sum the contents of FIGS. 2 to 8 up, in vibration
gyro 1 including driven and vibrated drive masses 4 and 6
(or the drive system) and sense mass 14 (or the sense
system) configured to be displaced by the Coriolis force
generated by the angular velocity, the signal output when the
drive signal having drive system resonance frequency m,
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(=w,) is input (i.e., in the mode-matching state) is exempli-
fied by FIG. 9. First, when the signal having drive system
resonance frequency m, is input into gyro 1, the signal is
converted into the drive force by the drive comb electrode,
and then is input into the drive system. Then, drive system
(drive masses 4 and 6) is started to be vibrated. The phase
of a vibrational displacement x of this vibration is —90°, and
the phase of the drive velocity is 0°.

[0068] Next, signals applied to the sense system will be
explained. The first signal is due to the Coriolis force. When
gyro 1 is rotated at angular velocity Q, Coriolis force 2 MvQ2
proportional to drive velocity v and angular velocity €2 is
generated, wherein “M” is a mass of the drive system. The
phase of the Coriolis force is the same as drive velocity v,
i.e., 0°. The second signal is due to the quadrature error. In
gyro 1, due to asymmetricity of the MEMS element gener-
ated by process variations, etc., the quadrature error having
the same phase as drive displacement x (i.e. -90°) is
generated. The third signal is due to unnecessary drive force
generated by the drive signal directly applied to the sense
system. For example, as shown in FIG. 10 corresponding to
a partial enlarged view of left drive mass 4 of gyro 1 of FIG.
1, the unnecessary drive force is generated when gaps g3 and
g4 between drive comb electrodes (concretely, movable
comb electrode 22 and fixed comb electrode 24) are not
equal to each other (g3=g4) due to the process variations
and/or stress-strain, whereas gaps g3 and g4 are normally
designed so that they are equal to each other (g3=g4). The
phase of the signal due to the unnecessary drive force is the
same as the drive signal, i.e., 0°.

[0069] As shown in FIG. 9, after the above signals pass
through the sense system, the phases of the output signals
from the sense system, i.e., the quadrature error signal, the
angular velocity (rate) signal and the unnecessary drive
force signal (or unnecessary 0° signal) due to the unneces-
sary drive force are —180°, -90° and -90°, respectively.
Further, due to the parasitic capacitance of the MEMS
element, the coupling signal having the phase of 0°, obtained
when the drive signal directly passes through the electrical
coupling, is also output.

[0070] The above four types of signals are transmitted to
and demodulated by the phase demodulation circuit. In the
embodiment, in order to obtain the angular velocity signal
by the demodulation (or phase-detection), the phase
demodulation circuit is adjusted to —-90° of the angular
velocity signal. As shown in FIG. 9, the signal transmitted
to the phase demodulation circuit is divided into a 0° signal
and a 90° signal, and then is output as a phase-detection
signal (or a demodulation signal).

[0071] Since the phase of either the quadrature error or the
coupling signal is different from the demodulation phase
(-90°) of the phase demodulation circuit by 90°, both the
quadrature error and the coupling signal are output as the 90°
signals, and thus these signals do not directly affect (the
detected value of) the angular velocity signal. However, as
shown in FIG. 9, since the phase of the unnecessary drive
force signal (unnecessary 0° signal) due to the unnecessary
drive force is the same as the angular velocity signal, the
output unnecessary 0° signal cannot be differentiated from
the angular velocity signal, whereby it is difficult to pre-
cisely detect the angular velocity signal. Further, as
explained below, in the non-mode-matching state, the cou-
pling signal may also have the same phase as the angular
velocity signal. Therefore, in the embodiment as explained
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below, the effect of the unnecessary signals other than the
quadrature error (i.e., the unnecessary 0° signal and the
coupling signal) is reduced or eliminated, so as to improve
the bias stability of the gyro.

[0072] Generally, the quadrature error is significantly
large relative to the angular velocity signal to be detected,
and may affect the detection accuracy of the angular velocity
signal, and thus it may be necessary to correct or compensate
the quadrature error. However, there are many conventional
methods for correcting or compensating for the quadrature
error, as described in JP 2013-253958 A, JP 2014-178195 A
or JP 2015-203604 A, and thus a detailed explanation
thereof is omitted herein.

[0073] FIG. 11 shows the configuration of the vibration
gyro according to a first embodiment of the present inven-
tion, and shows a block diagram of a feedback circuit
capable of being applied to gyro element 1 as described
above. A drive system control part (in the illustrated embodi-
ment, a PLL (phase locked loop) control circuit 50 and an
AGC (auto gain control) circuit 52) is associated with drive
comb electrodes 24 and 28, so that drive masses 4 and 6 are
controlled and driven at a predetermined anti-phase fre-
quency and amplitude. CV converters 54 and 56 are con-
figured to convert the electrostatic capacitance into the
voltage. Concretely, CV 54 is associated with monitor fixed
comb electrodes 32 and 38, and an output of CV 54 is used
in the vibrational control of the drive masses. On the other
hand, CV 56 converts the change in the capacitance between
comb electrode 44 and sense monitor fixed comb electrodes
46 and 48, due to the rotational displacement of sense mass
14, into a voltage, and the converted voltage is transmitted
as a detection signal to the phase-detection circuit (or the
demodulator), as explained below.

[0074] PLL control circuit 50 outputs a first frequency
corresponding to resonance frequency w, of drive masses 4
and 6, AGC control circuit 52 outputs a drive amplitude
signal adjusted so that drive masses 4 and 6 are vibrated at
the determined amplitude, and the first frequency and the
drive amplitude signal are transmitted to a drive signal
generating part 58. Drive signal generating part 58 generates
a multiplexed drive signal by multiplexing a first drive
signal 1 and at least one second drive signal II, first drive
signal I having the first frequency corresponding to the
resonance frequency of the drive masses, and at least one
second drive signal II having at least one second frequency
different from the first frequency (in this example, a fre-
quency (w,+m,,) higher than the first frequency). Concretely,
a drive waveform generating part 60 generates a multiplexed
drive waveform by multiplexing (adding) a drive waveform
(sin(w,t)) based on the first frequency and a drive waveform
(sin(w t+Q,1)) based on the second frequency. Then, a
modulator 62 generates the multiplexed drive signal by
modulating the drive amplitude signal by using the multi-
plexed drive waveform.

[0075] As shown in FIG. 11, the first embodiment
includes: a first demodulation circuit 64 configured to gen-
erate a first demodulation signal by demodulating the output
signal of the sense system (or the sense mass) at the first
frequency; a second demodulation circuit 66 configured to
generate at least one second demodulation signal by
demodulating the output signal of the sense system (or the
sense mass) at the second frequency; a first control circuit 68
configured to generate a first feedback amplitude signal from
the first demodulation signal; a second control circuit 70
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configured to generate a second feedback amplitude signal
from the at least one second demodulation signal; a feedback
signal generating part 90 configured to generate a first
multiplexed feedback signal by multiplexing a first feedback
signal and at least one second feedback signal, the first
feedback signal being obtained by modulating the first
feedback amplitude signal at the first frequency, and the at
least one second feedback signal being obtained by modu-
lating the second feedback amplitude signal at the at least
one second frequency; and a subtracter 78 configured to
output an angular velocity signal by subtracting the second
feedback amplitude signal from the first feedback amplitude
signal. Further, feedback signal generating part 90 includes:
a first modulator 72 configured to generate the first feedback
signal by modulating the first feedback amplitude signal at
the first frequency; a second modulator 74 configured to
generate the at least one second feedback signal by modu-
lating the second feedback amplitude signal at the at least
one second frequency; and an adder 76 configured to gen-
erate the first multiplexed feedback signal by multiplexing
the first feedback signal and the at least one second feedback
signal.

[0076] Incomparison to FIG. 11 of JP 2015-230281 A, the
configuration of FIG. 11 of the embodiment is provided with
a feedback path including first control circuit 68 and second
control circuit 70. Therefore, in the embodiment, it is not
necessary to arrange a gain (such as gain 70 in FIG. 11 of JP
2015-230281 A) and carry out gain adjustment. In other
words, the configuration of FIG. 11 of JP 2015-230281 Ahas
a correction circuit using an open loop, whereas the con-
figuration of FIG. 11 herein (the first embodiment) has a
correction circuit using a closed loop (or the feedback).
Also, second and third embodiments as described below
have respective correction circuits using the closed loop (or
the feedback).

[0077] As simple examples to which the first embodiment
can be applied, FIGS. 124 and 125 are block diagrams each
indicating a signal output when the coupling does not exist
(or is negligible). Concretely, FIG. 12a shows a case in
which the drive masses are driven at the mode-matching
resonance frequency, and FIG. 125 shows a case in which
the drive masses are driven at a frequency higher than the
mode-matching resonance frequency. In this case, it is
preferable to simultaneously input the drive signal having
resonance frequency (w,) (FIG. 12a) and the drive signal
having the frequency (w,+w,) higher than the resonance
frequency (FIG. 125). In other words, as shown in FIG. 11,
when the drive masses are driven by the multiplexed signal
including the two signals respectively having frequencies
(w,) and (0, +0,,) and then the phase-detection (demodula-
tion) is carried out at each frequency, the signal output as
shown in FIGS. 124 and 1254 can be obtained. Since a zero
degree (0°) output in FIG. 124 is substantially the unnec-
essary 0° signal only, the angular velocity signal can be
precisely calculated or corrected by subtracting the value of
the unnecessary 0° signal from a summation of the unnec-
essary 0° signal and the angular velocity signal which are
output in FIG. 12a.

[0078] As explained with reference to FIG. 2, the intensity
of' the signal output in FIG. 124 is different from that in FIG.
125b. Therefore, in the first embodiment, as shown in FIG.
11, the 0° output obtained in FIG. 12a is fed back to the
sense system of the vibration gyro element via first control
circuit 68 and first modulator 72. Similarly, the 0° output
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obtained in FIG. 125 is fed back to the sense system of the
vibration gyro element via second control circuit 70 and
second modulator 74. By virtue of this, the first and second
control circuits function so that the unnecessary drive force
as shown in FIGS. 124 and 125 is cancelled. In this case,
even when the frequencies are different, the magnitudes of
the unnecessary drive force are the same as long as the drive
masses are driven by the drive signal having the same
amplitude. Therefore, the magnitudes of the generated feed-
back amplitude signals for cancelling the unnecessary drive
force are also the same between when the frequency is m,
and when the frequency is w, +m,,.

[0079] As described above, the first feedback amplitude
signal generated with respect to frequency w, includes the
angular velocity signal and the unnecessary 0° signal, and
the second feedback amplitude signal generated with respect
to frequency w,+w,, includes the unnecessary 0° signal only.
Therefore, by subtracting the second feedback amplitude
signal (or a correction signal) from the first feedback ampli-
tude signal (or an uncorrected angular velocity signal), a
precise angular velocity signal (or a corrected angular veloc-
ity signal) can be obtained. Although the signals having the
resonance frequency and the higher frequency are multi-
plexed in the above example, signals having the resonance
frequency and a frequency lower than the resonance fre-
quency may be multiplexed. Also in this case, the corrected
angular velocity signal may be obtained similarly.

[0080] FIG. 13 shows the configuration of the vibration
gyro according to a second embodiment of the present
invention, and shows a block diagram of a feedback circuit
capable of being applied to gyro element 1 as described
above. Hereinafter, a part of the second embodiment differ-
ent from the first embodiment is mainly explained. There-
fore, in the second embodiment, the same reference numer-
als are used to indicate components corresponding to
respective components of the first embodiment, and the
detailed explanation thereof is omitted.

[0081] PLL control circuit 50 outputs a first frequency
corresponding to resonance frequency w, of drive masses 4
and 6, AGC control circuit 52 outputs a drive amplitude
signal adjusted so that drive masses 4 and 6 are vibrated at
the determined amplitude, and the first frequency and the
drive amplitude signal are transmitted to a drive signal
generating part 58'. Drive signal generating part 58' gener-
ates a multiplexed drive signal by multiplexing a first drive
signal I and at least two second drive signal II, first drive
signal I having the first frequency corresponding to the
resonance frequency of the drive masses, and at least two
second drive signal II (A, and B,,,) having at least two
second frequency different from the first frequency (in this
example, a frequency A, (w.+w,) higher than the first
frequency, and a frequency B, (w,-L,,) lower than the first
frequency). Concretely, a drive waveform generating part
60" generates a multiplexed drive waveform by multiplexing
(adding) a drive waveform (sin(w,t)) based on the first
frequency, and a drive waveform (sin(w,t+Q,t) and sin(w,t—
w,t)) based on second signal II (A, and B,.,). Then, a
modulator 62 generates the multiplexed drive signal by
modulating the drive amplitude signal by using the multi-
plexed drive waveform.

[0082] The second embodiment includes: first demodula-
tion circuit 64 configured to generate a first demodulation
signal by demodulating the output signal of the sense system
(or the sense mass) at the first frequency; and two second
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demodulation circuits, i.e., demodulation circuit 66 config-
ured to generate second demodulation signal A, by
demodulating the output signal of the sense system (or the
sense mass) at second frequency A, and demodulation
circuit 66' configured to generate second demodulation
signal B, by demodulating the output signal of the sense
system (or the sense mass) at second frequency B, There-
fore, the second embodiment includes plural (in the illus-
trated embodiment, two) second demodulation circuits, the
second demodulation signal includes plural (in the illus-
trated embodiment, two) demodulation signals A, and
B, and second control circuit 70 generates a second
feedback amplitude signal from a signal obtained by adding
demodulation signals A, to B, using an adder 80.
[0083] Further, the second embodiment includes: a feed-
back signal generating part 90' configured to generate a first
multiplexed feedback signal by multiplexing a first feedback
signal and at least two second feedback signals, the first
feedback signal being obtained by modulating the first
feedback amplitude signal at the first frequency, and the at
least two second feedback signals being obtained by modu-
lating the second feedback amplitude signal at the least two
second frequency, respectively; and a subtracter 78 config-
ured to output an angular velocity signal by subtracting the
second feedback amplitude signal from the first feedback
amplitude signal. Further, feedback signal generating part
90' includes: a first modulator 72 configured to generate the
first feedback signal by modulating the first feedback ampli-
tude signal generated by first control circuit 68 at the first
frequency; second modulators, i.e., a modulator 74 config-
ured to generate second feedback signal A4 by modulating
the second feedback amplitude signal at second frequency
A, and a modulator 74' configured to generate second
feedback signal B, by modulating the second feedback
amplitude signal at second frequency By and an adder 76'
configured to generate the first multiplexed feedback signal
by multiplexing the first feedback signal and second feed-
back signals A4 and B

[0084] As examples to which the second embodiment can
be applied, FIGS. 14a and 1454 are block diagrams each
indicating a signal output when the coupling is not negli-
gible. Concretely, FIG. 14a shows a case in which the drive
masses are driven at a frequency higher than the mode-
matching resonance frequency, and FIG. 145 shows a case
in which the drive masses are driven at a frequency lower
than the mode-matching resonance frequency.

[0085] In the example explained with reference to FIG. 9,
the 0° output from the demodulation circuit includes both
the angular velocity signal and the unnecessary 0° signal. On
the other hand, in either FIG. 14a or FIG. 145, the 0° output
from the demodulation circuit includes both the coupling
signal and the unnecessary 0° signal. Further, the coupling
signals in FIGS. 144 and 145 have the same magnitude
(absolute value) and signs (plus or minus) different from
each other. Therefore, by using the configuration of the
second embodiment as shown in FIG. 13, the coupling
signal can be eliminated by adding 0° output signals of
FIGS. 144 and 145 to each other by adder 80. After that, the
second feedback amplitude signal can be generated similarly
to the first embodiment.

[0086] Concretely, as shown in FIG. 13, by using adder
76', the first multiplexed feedback signal is generated by
multiplexing the first feedback signal generated by first
control circuit 68 and second feedback signals A; and By
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generated by second control circuit 70, the first feedback
signal being obtained by modulating the first feedback
amplitude signal at the first frequency, and two second
feedback signals A, and B, being obtained by modulating
the second feedback amplitude signals at second frequencies
A and B, respectively. Then, the first multiplexed feedback
signal is fed back to the sense system of the vibration gyro
element. In this regard, the second feedback amplitude
signal (or the correction signal) via adder 80 includes the
unnecessary 0° signal only, since the coupling signal has
been cancelled. Therefore, the precise (corrected) angular
velocity signal can be obtained by subtracting the correction
signal from the first feedback amplitude signal (or the
uncorrected angular velocity signal).

[0087] FIG. 15 shows the configuration of the vibration
gyro according to a third embodiment of the present inven-
tion, and shows a block diagram of a feedback circuit
capable of being applied to gyro element 1 as described
above. Hereinafter, a part of the third embodiment different
from the second embodiment is mainly explained. There-
fore, in the third embodiment, the same reference numerals
are used to indicate components corresponding to respective
components of the second embodiment, and the detailed
explanation thereof is omitted.

[0088] Similarly to the second embodiment, in the third
embodiment, the second demodulation signal includes two
demodulation (phase-detection) signals A, . and B, and
second control circuit 70 generates the second feedback
amplitude signal from the signal obtained by adding
demodulation signal A, to demodulation signal B, by
adder 80. Further, the third embodiment includes: a sub-
tracter 82 configured to subtract one of demodulation signals
A, and B, from the other of A ;. and B, ; a third control
circuit 84 generate a third feedback amplitude signal from
the signal obtained by the subtraction process in subtracter
82; a third modulator 86 configured to generate a second
multiplexed feedback signal by modulating the third feed-
back amplitude signal at the frequencies of the multiplexed
drive signal (or the multiplexed drive waveform); and a
subtracter 88 configured to subtract the second multiplexed
feedback signal from the detection signal of sense mass 14.
[0089] The third embodiment may correspond to a con-
figuration in which the second embodiment is provided with
a feedback loop with respect to the coupling signal. In the
mode-matching state with reference to FIG. 9 (in which the
resonance frequencies of the drive masses and the sense
mass are the same, and the drive masses are driven by the
resonance frequency), the coupling signal is output at the
phase different from the angular velocity signal by 90
degrees, and thus the coupling signal is not detected as the
unnecessary signal. However, in the non-mode-matching
state as shown in FIG. 16, the coupling signal and the
angular velocity signal are output at the same phase, and it
may be necessary to correct the angular velocity signal.
Further, even if the coupling signal is output at the phase
different from the angular velocity signal by 90 degrees in
the mode-matching state, when the magnitude of the cou-
pling signal is excessively large, it may be necessary to
correct the angular velocity signal due to the effect of the
coupling signal.

[0090] Therefore, in the third embodiment as shown in
FIG. 15, in addition to the second embodiment, third control
circuit 84 generates the third feedback amplitude signal by
using the signal obtained by the subtraction process in
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subtracter 82, third modulator 86 modulates the third feed-
back amplitude signal at the frequencies of the multiplexed
drive signal (or the multiplexed drive waveform) so as to
generate the second multiplexed feedback signal, and sub-
tracter 88 subtracts the generated second multiplexed feed-
back signal from the output signal of the sense mass.
[0091] The process in the third embodiment utilizes that
the coupling signal can be extracted by the subtraction
process with respect to the signals of FIGS. 14a and 145,
similarly to the second embodiment in which the unneces-
sary 0° signal only is extracted by the addition process with
respect to the signals of FIGS. 14a and 145. In this regard,
the magnitudes of the unnecessary 0° signal in FIGS. 14a
and 145 are not always the same, and thus it may not be
possible to remove the unnecessary 0° signal and extract the
precise (pure) coupling signal only, by the simple subtrac-
tion process. Therefore, in the third embodiment, similarly
to the second embodiment, the circuits are configured to
cancel the unnecessary drive force before the sense mass, by
feeding back the signal obtained by adding the signals of
FIGS. 144 and 145 to each other to sense mass 14. By virtue
of this, the unnecessary 0° signal (i.e., the output signal
regarding the unnecessary drive force) has been corrected
before the sense mass, whereby the unnecessary 0° signal is
not output from the demodulation circuit.

[0092] As aresult of the above process, only the coupling
signal is output as the 0° signal from the demodulation
circuit in FIGS. 14a and 144. Therefore, only the coupling
signal can be detected by the subtraction process (substan-
tially the addition process, since the coupling signals of
FIGS. 14a and 145 are differential outputs having the phases
different from each other by 180 degrees). Further, by
feeding back the detected coupling signal before the
demodulation circuit via third control circuit 84 (or by
correcting the output of the sense mass immediately after the
sense mass by subtracting the coupling signal therefrom),
the coupling signal is removed from the output of the sense
mass before the demodulation circuit, whereby each
demodulation circuit can detect the value which does not
include the coupling signal. As explained above, in the third
embodiment, the coupling signal can be appropriately cor-
rected, and the other circuits and the processes may be the
same as in the second embodiment, whereby the precise
(corrected) angular velocity signal can be obtained.

[0093] In the first, second or the third embodiment, the
vibration gyro is driven by the signal obtained by multi-
plexing the first and second drive signals, wherein the first
drive signal is adjusted so as to correspond to the resonance
frequency of the drive masses for detecting the angular
velocity signal, and the second drive signal has one or more
frequency different from the resonance frequency of the
drive masses for detecting/correcting the signal of the
unnecessary component. Then, the detection signal of the
sense mass is demodulated by the signal at each frequency,
and each demodulation signal is multiplied and fed back to
the sense system. By virtue of this, the angular velocity
signal including the unnecessary signal, and the correction
signal including only the unnecessary signal can be detected,
whereby the pure (extremely precise) angular velocity signal
can be obtained by subtracting the unnecessary signal from
the angular velocity signal.

[0094] In each block diagram such as FIG. 9 representing
the signal output, the major (non-negligible) signal is indi-
cated by a solid line, and the sufficiently small (negligible)
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signal is indicated by a dotted line. A numeral described after
a character “:” in each name of the (AC) signal indicates the
output phase. On the other hand, since the signal after the
demodulation circuit is a DC signal, a character described
after “:” indicates a sign (plus or minus) of the signal.
Further, among the signals after the demodulation circuit,
the sufficiently small and negligible signal is provided with
a description “negligible.”

[0095] In the above preferred embodiment of the present
invention, the vibration gyro has the sense mass configured
to be rotatably excited by the Coriolis force generated by the
angular velocity, and the pair of drive masses positioned
inside the sense mass so that the drive masses are driven and
vibrated in the anti-phase vibration mode. However, the
present invention can be applied to the other type of vibra-
tion gyro, as long as the gyro has a sense mass configured
to be displaced by inputting the angular velocity to the gyro.
Further, the present invention can also be applied to the other
type of vibration gyro, in which the drive mass and the sense
mass are formed as a substantially integrated structure, and
the integrated structure has both functions of the drive mass
and the sense mass.

[0096] In addition, the present invention can also be
applied to the vibration gyro having the AC comb electrode
and the DC comb electrode for limiting the quadrature error,
as disclosed in JP 2013-253958 A, etc. In other words, the
bias correction as in the present invention and the quadrature
limitation can be simultaneously carried out.

[0097] While the invention has been described with ref-
erence to specific embodiments chosen for the purpose of
illustration, it should be apparent that numerous modifica-
tions could be made thereto, by one skilled in the art, without
departing from the basic concept and scope of the invention.

1. A vibration gyro comprising:

drive masses configured to be driven and vibrated;

a sense mass configured to be displaced by a Coriolis
force generated by an angular velocity;

a drive signal generating part configured to generate a
multiplexed drive signal by multiplexing a first drive
signal and at least one second drive signal, the first
drive signal having a first frequency corresponding to a
resonance frequency of the drive masses, and the at
least one second drive signal having at least one second
frequency different from the first frequency;

a first demodulation circuit configured to generate a first
demodulation signal by demodulating a detection sig-
nal of the sense mass at the first frequency;

at least one second demodulation circuit configured to
generate at least one second demodulation signal by
demodulating the detection signal of the sense mass at
the at least one second frequency;

a first control circuit configured to generate a first feed-
back amplitude signal from the first demodulation
signal;

a second control circuit configured to generate a second
feedback amplitude signal from the at least one second
demodulation signal;

a feedback signal generating part configured to generate a
first multiplexed feedback signal by multiplexing a first
feedback signal and at least one second feedback
signal, the first feedback signal being obtained by
modulating the first feedback amplitude signal at the
first frequency, and the at least one second feedback
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signal being obtained by modulating the second feed-

back amplitude signal at the at least one second fre-

quency; and

a subtracter configured to output an angular velocity
signal by subtracting the second feedback amplitude
signal from the first feedback amplitude signal.

2. The vibration gyro as set forth in claim 1, wherein:

the at least one second frequency includes a frequency A,
higher than the first frequency and the resonance fre-
quency of the sense mass, and a frequency B, lower
than the first frequency and the resonance frequency of
the sense mass;

the at least one second drive signal includes a drive signal
A, having the frequency A, and a drive signal B,
having the frequency B

the at least one second demodulation signal includes a
demodulation signal A ,,; demodulated at the frequency

A,and a demodulation signal B, demodulated at the

frequency B

the second control circuit generates the second feedback
amplitude signal by using a signal obtained by adding
the demodulation signal A, to the demodulation sig-
nal B, ; and

the at least one second feedback signal includes a feed-
back signal A, obtained by modulating the second
feedback amplitude signal at the frequency A, and a
feedback signal B obtained by modulating the second
feedback amplitude signal at the frequency B,

3. The vibration gyro as set forth in claim 2, further

comprising:

a third control circuit configured to generate a third
feedback amplitude signal from a signal obtained by
subtraction process of the demodulation signal A ;,; and
the demodulation signal B, ;

a modulator configured to generate a second multiplexed
feedback signal by modulating the third feedback
amplitude signal at frequencies of the multiplexed drive
signal; and

a subtracter configured to obtain a signal by subtracting
the second multiplexed feedback signal from the detec-
tion signal of the sense mass, and feedback the obtained
signal to the first and second demodulation circuits.

4. A method of using a vibration gyro including drive

masses configured to be driven and vibrated and a sense
mass configured to be displaced by a Coriolis force gener-
ated by an angular velocity, the method comprising the steps
of:

generating a multiplexed drive signal by multiplexing a
first drive signal and at least one second drive signal,
the first drive signal having a first frequency corre-
sponding to a resonance frequency of the drive masses,
and the at least one second drive signal having at least
one second frequency different from the first frequency;

generating a first demodulation signal by demodulating a
detection signal of the sense mass at the first frequency;
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generating at least one second demodulation signal by
demodulating the detection signal of the sense mass at
the at least one second frequency;
generating a first feedback amplitude signal from the first
demodulation signal;
generating a second feedback amplitude signal from the at
least one second demodulation signal;
generating a first feedback signal by modulating the first
feedback amplitude signal at the first frequency;
generating at least one second feedback signal by modu-
lating the second feedback amplitude signal at the at
least one second frequency;
generating a first multiplexed feedback signal by multi-
plexing the first feedback signal and the at least one
second feedback signal, the first multiplexed feedback
signal being fed back to the vibration gyro; and
outputting an angular velocity signal obtained by sub-
tracting the second feedback amplitude signal from the
first feedback amplitude signal.
5. The method as set forth in claim 4, wherein:
the at least one second frequency includes a frequency A,
higher than the first frequency and the resonance fre-
quency of the sense mass, and a frequency B, lower
than the first frequency and the resonance frequency of
the sense mass;
the at least one second drive signal includes a drive signal
A, having the frequency A, and a drive signal B,
having the frequency B
the at least one second demodulation signal includes a
demodulation signal A ,,; demodulated at the frequency
A and a demodulation signal B, demodulated at the
frequency B
the method further comprises the step of:
generating the second feedback amplitude signal by
using a signal obtained by adding the demodulation
signal A ,,_; to the demodulation signal B, wherein
the at least one second feedback signal includes a
feedback signal A obtained by modulating the sec-
ond feedback amplitude signal at the frequency A,
and a feedback signal B, obtained by modulating the
second feedback amplitude signal at the frequency
Bf'
6. The method as set forth in claim 5, further comprising
the steps of:
generating a third feedback amplitude signal from a signal
obtained by subtraction process of the demodulation
signal A, . and the demodulation signal B, ;
generating a second multiplexed feedback signal by
modulating the third feedback amplitude signal at fre-
quencies of the multiplexed drive signal; and
subtracting the second multiplexed feedback signal from
the detection signal of the sense mass.

#* #* #* #* #*



