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Micro-machined vibrating ring gyroscope
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(State Key Laboratory of Transducer Technology , Institute of Electronics ,
Chinese Academy of Sciences, Beijing 100190, China)

Abstract: To reduce the frequency split of the drive mode and the sense mode of a vibrating ring gyro-
scope to improve the performance of the gyroscope, a novel symmetrical structure with electromagnet-
ic driving and detection is proposed in this paper. The Micro-machined Vibrating Ring Gyroscope
(MVRG) is fabricated in centro-symmetric and mirror-symmetric micro structures by MEMS bulk sili-
con processing with (100) oriented single-crystal silicon, which is conductive to reducing the frequency
split. A closed-loop control circuit consisting of a low noise front-end amplifier, a phase shifter and a
Variable Gain Amplifier (VGA) is developed to track the drive mode resonant frequency and to stabi-
lize the vibration amplitude of the drive mode. The test results show that the frequency split of drive
mode and the sense mode is about 0. 27 Hz, which means the frequencies have been matched well. The
sensitivity of this gyroscope is 8. 9 mV/(°/s) , the resolution is 0. 05°/s and nonlinearity is about
0.23% in the rotation rate ranges of 200 °/s.
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1 Introduction

Compared with other types of micro-machined
gyroscopes, the vibrating ring gyroscope has
lots of advantages, such as higher sensitivity,
less sensitive to temperature and spurious vibra-
tions'!. The performance of the MVRG is
markedly affected by the quality factor (Q-fac-
tor) and the frequency-split between drive and
sense modes™?!. Several types of vibrating ring
gyroscope have been reported™™, most of which
are capacitive gyroscopes and use electronic tun-
ing method to reduce the frequency split. In or-
der to increase the capacitance to improve the
sensitivity, it is necessary to fabricate high as-
pect ratio structure to reduce the air gap between
the electrode planes™**', which inevitably increa-
ses the fabrication complexity. Furthermore,
the capacitors are easily affected by parasitic ca-
pacitances, resulting in terrible co-channel inter-
ference. Thirdly, the electronic circuit used to
tune the resonant frequencies is complicated.

A novel symmetric vibrating ring gyroscope
structure is proposed in this paper. This highly
symmetric structure is relatively easy to realize
mode matching. The electromagnetic detection
could effectively reduce the co-channel interface
caused by parasitic capacitances, so the Signal
Noise Ratio (SNR) of electromagnetic detection
is higher than that of the capacitive detection,
which provides the possibility to achieve high
resolution. In addition, there’s no high aspect
ratio structure and the minimum air gap is about
30pm so as to simplify the fabrication processes.
This gyroscope is fabricated through standard
bulk MEMS processes. After being trimmed,

the drive and sense modes could match well.

2 Principle and design

The MVRG consists of a vibrating ring with 100

pm in depth, 4 mm in radius and 40 pm in width

and eight crab-leg support springs with 15 ym in
width. The length of the radial support springs
is about 600 pm and the tangential support
springs about 3. 4 mm. There are four drive
metal electrodes (at 0, 90,180, 270°) and four
sense metal electrodes (the others), as shown in
Fig. 1. Theoretical simulation shows that this
highly symmetric layout provides better mode
matching, which results in higher sensitivity and
less sensitive to environmental vibrations and

temperature change.

Support springs Drive electrodes

Vibrating ring
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Fig. 1 Diagrammatic sketch of the gyroscope
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(a) Drive mode
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(b) Sense mode

Fig. 2 Flexural modes of the MVRG



1346 Optics and Precision Engineering

The ring has two identical elliptically-shaped
flexural modes with equal natural frequenciest™.
The first mode is primary mode (or drive
mode) , as shown in Fig. 2(a). And the second
mode (or sense mode) is located 45 degree apart
from the drive mode, as shown in Fig. 2 (b).
The ring is vibrated into the drive mode with a
fixed amplitude which will generate electromag-
netic force with the help of magnetic field when
drive current flow through the drive electrodes.
When the device is subject to rotation around its
normal axis, energy is transferred from the drive
mode to the sense mode caused by Coriolis force.
Therefore, oscillation amplitude proportional to
the rotation rate is built up in sense mode,
which will generate induced voltage among the
sense electrodes.

According to reference [ 8], when the reso-
nant frequencies for both modes are same, the

vibration amplitude of sense mode is given by
q. =4A, quﬂm @D)
wo

where ¢4 and ¢, represent the drive amplitude and
sense amplitude respectively; A, is angular gain
of the gyroscope; Q is quality factor; w, angular
frequency for both modes; (2, is input rotation
rate.

The induced voltage in one sense electrode is

/4 .
U=J B X r X q, X sin(260)d4 , (2)

0
where B is magnetic flux density; r is radius of
the ring; 0 is radian of the electrode. Then the

sensitivity of one electrode is

S=242BrA, 2, (3
wo

3 Fabrication

The vibrating ring gyroscope adopts a sin-
gle-wafer technology which uses a (100) orien-
ted single-crystal silicon and DRIE process to re-
lease the main structure.

The main procedures are shown in Fig. 3.

This technology starts with the growth of a 0.1

(a) Growth of SiO,
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(b) Deposition of SiN
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(¢) SiN and SiO; etching

(e) Electrode deposition and patterning

(f) SiN and SiO, etching
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(g) Structure releasing

Si SiO, SiN Au

Fig. 3 Fabrication procedure
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pm thick thermal SiO, layer on the silicon sub-
strate as the transition layer. Then an insulation
layer of 0.5 pm thick SiN is deposited by low
pressure chemical vapor deposition (LPCVD).
The photoresist is patterned to define the struc-
ture areas on the back of the wafer and the SiN
within these areas is removed by reactive ion
etching (RIE). And the SiO, layer is removed u-
sing buffer HF (BHF). Then the structure are-
as in the wafer are thinned down to 100 um by
KOH solution. The Au electrodes are deposited
and patterned on the front side of the wafer.
The photoresist is then patterned and the SiN
layer is etched by RIE. DRIE is adopted to re-
lease the whole structure. Finally, any asymme-
try introduced by silicon wafer or fabrication
processes is trimmed. The processed wafer is

then diced and packaged.

4 Package and circuitry

The gyroscope chip and a SmCo permanent mag-
net are assembled together and then packaged in
a 18-pin sealed case, as shown in Fig. 4. The
SmCo permanent magnet can create a 0. 3 T
magnetic field vertical to the vibration plane,
and the magnetic field of SmCo magnets is stable

with respect to temperature change.

Fig. 4 Photo of the packaged gyroscope

Fig. 5(a) shows the schematic diagram of the
closed-loop drive and readout circuit. In order to
track the resonant frequency of the drive mode

automatically and stabilize the vibration at fixed
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(a) Schematic diagram of the drive and sense circuit
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(b) Drive signal (CH,) and vibration amplitude de-

tection signal (CH,)

Fig.5 Schematic diagram of the circuit and the sig-

nal curves

amplitude, a self-oscillation circuit is designed,
which mainly consists of a low noise front-end
amplifier, a phase shifter and a variable gain am-
plifier (VGA). The phase shifter is used to en-
sure that the whole phase shifting is 2nx. And
the VGA can change its gain according to the
output voltage of the error amplifier, so as to
stabilize the vibration. The waveform of drive
signal (CH,) and vibration amplitude detection
signal (CH,) are shown in Fig. 5(b). The read-
out circuit consist of a low noise front-end ampli-
fier, a synchronous demodulator and a buffer.
The reference signal of the demodulator is from
the drive signal, and a multiplier plus a low pass

filter is used to perform the demodulation.
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5 Test results

The resonant frequencies and Q-factors for drive
and sense modes of the gyroscope are tested at a-
bout 1 Pa pressure using Dynamic Signal Analy-
zer (HP3562A). The resonant frequencies of
drive and sense modes are 4. 193 87 kHz and
4.193 6 kHz respectively, the frequency split is
0.27 Hz (see Fig. 6). The -3 dB bandwidth of
both modes is 0. 3 Hz. Therefore, the Q-factors

for both modes are same about 14 000.
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(a) Response of the drive mode
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(b) Response of the sense mode

Fig. 6 Frequency responses of the MVRG

References:

[1] AYAZIF, NAJAFI K. A HARPSS polysilicon vi-
brating ring gyroscope [J]. Journal of Microelec-
tromechanical Systems, 2001,10:169-179.

[2] KIM D J. A systematic method for tuning the dy-
namics of electrostatically actuated vibratory gyros
[J]. IEEE Trans. of Control Syst. Technology,
2006,14:69-81.

[3] WENG ] H, CHIENG W H, LAI J M. Structural

Fig. 7 shows the measured rate output of the
gyroscope in open-loop detection mode in a range
of £200 °/s, which is carried out at room tem-
perature and atmospheric pressure. The gyro-
scope has a sensitivity of about 8.9 mV/("/s).
The measured nonlinearity is about 0. 23% in
the 200 °/s measurement range, which can be
improved by operating the sensor in force-to-re-
balance mode. The resolution of this gyroscope

is about 0. 05 °/s.

L5 »=0.008 9x+0.056 8
LOF R=1

Output voltage/V
[

-2 L I L
—200-150-100 —50 0

50 100 150 200
Input rotation rate/( °/s)

Fig. 7 Input vs. output

6 Conclusions

A novel highly symmetrical vibrating ring gyro-
scope has been designed, fabricated and meas-
ured. Initial test shows that the resonant fre-
quencies of the drive and sense mode can match
well. The Q-factors for two modes measured at
1 Pa low vacuum are both about 14 000. This
sensor has a sensitivity of 8. 9 mV/(°/s) in a
range of = 200°/s. The measured nonlinearity is

about 0. 23% and resolution is 0. 05 °/s.

design and analysis of micromachined ring-type vi-
brating sensor of both yaw rate and linear accelera-
tion [J]. Sensors and Actuators A, 2005,117:230-
240,

[4] AYAZIF, CHEN H H, KOCERF, etal.. A high
aspect-ratio polysilicon vibrating ring gyroscope
[C]. Solid-State Sensor and Actuator Workshop ,
Hilton Head , SC, 2000.:289-292.

[5] JIANG M, HE X Y. Optical testing of dynamic

characteristic of vibrating wheel micromechanical



No. 6 CHEN Li,et al. : Micro-machined vibrating ring gyroscope 1349

gyroscope [ J1. Opt. Precision Eng. , 2008,16(2) [7] TIMOSHENKO S, YOUNG D H. Vibration Prob-

295-299. (in Chinese) lems in Engineering [M]. 3rd ed. New York: D.
[6] LIJL, FANG]C, SHENG W, etal.. Calculation Van Nostrand Company Inc. , 1955:427-430.

and simulation of silicon MEMS gyroscope with du- [8] PUTTY M W. A micro-machined vibrating ring

al-mass resonant output [J]. Opt. Precision Eng. , gyroscope [D]. Michigan: Univ. Michigan,1995.

2008,16(3) :484-491. (in Chinese)

Authors’ biographies:
CHEN Li (1981 —), male, Ph. D. of WANG Jun-bo (1973 — ), male, Ph.
the Institute of Electronics, Chinese D. , associate professor of the Institute

Academy of Sciences, his research in- of Electronics, Chinese Academy of

terests are MEMS sensors and weak Sciences, his research interests are

signal detection. E-mail: xuefengl025 MEMS sensors and weak signal detec-

™
@163. com \ - Q tion, such as accelerometers, gyro-
"‘"’ scopes, biosensors and so on. E-mail:
CHEN De-yong (1967 —), male, Ph. jbwang (@ mail. ie. ac. cn

D. , professor of the Institute of Elec-

p tronics, Chinese Academy of Sciences,
-\
g his research interests are MEMS sen-
_—
sors, such as resonant pressure sen-
\ -
sors, resonant accelerometers, gyro-
o scopes and so on. E-mail: dychen @
mail. ie. ac. cn
=23
@ THITE

FMRAE GBI ENERNENMHETZ

FEE AR FFE T
(FZTUA% RBHEREHUHTNERERE HL ALM 310032)

T B AR R0 O A R TS R D WO Rk e AT AR S LRI O . A T SIO, RS B
R CAGRLTAEE WP 1 ¢ A KR 1) 9 AR ELAR AL LS B STO, JE AL R 7E SR £ 0 B ol 2 i
WKL T2 T A BL AR . T I 1) B — RGP I A R S PR T B DT A A T R BRI . A
P AL G A LA ' 55 ) T A 5 JE LA D WY AL 2 LA D #E AT T E MR RESC S pF T 4R TR &R
B BERL I ' WA AL 2= LA G SR A B4R L BROLEE, IR 20 #1300 T 2SO0 PG H R A . S8
LR W] AT — SiO, B RHIL GO fE R 2EAT 0% A9 il D6 1 180 nm/min; FI ] Si0, k5 %
KBTS AW IEORL T8 B4 52 BRI D' W0 A R AT 6 Y 6 AR 230 D 273 nm/min
324 nm/min, F A BRI C O e 7 AT HOE AR @ T e R IR AT 3R AE Ra 04 0. 2 nm K
HEEIR



