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Abstract

A planar vibratory gyroscope using electrostatic actuation and electromagnetic detection is proposed. The gyroscope
has large sensitivity and can be fabricated by using surface micromachining, bulk micromachining and conventional
machining technology. In this paper, the gyroscope and the electromagnetic detecting system equations are derived
to determine the output characteristics for the planar vibratory gyroscope using electrostatic actuation and
electromagnetic detection. The maximum output is obtained when the driving frequency equals to the detecting
frequency. The resonant frequencies of the resonator are determined by the beam stiffness, ie. the material
constants and spring dimensions. The dimensions of the beams are determined using the analytic vibration
modelling. The expected resonant frequencies are 200Hz both and the sensitivity is 62mV/deg/sec with 4000
electronic circuit amplifying coefficient for an AC drive voltage of 3V with a DC bias voltage of 15V and DC
field current of 50 mA.
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1. Introduction micromachining  technology and a  conventional
macromachining technology. The gyroscope and the
Future space applications require microspacecrafts electromagnetic detecting system equations are derived
that are lower in cost, mass, volume, and power to determine the output characteristics for planar
consumption than present generation of spacecraft[1,2]. vibratory gyroscope using electrostatic actuation and
Micromachining technologies have become popular for electromagnetic detection. The fabrication process of
fabricating small size gyroscopes. Recently, there have gyroscope is proposed using the (110) silicon bulk
been many studies on planar vibratory gyroscopes[3-5], etching, surface micromachining and bonding technique.
which rely on not the conservation of angular Finally, The feasibility of electromagnetic detection is
momentum of a rotating structure but the conservation demonstrated by the vibration test using the piezo
of linear momentum of a vibrating structure. Most actuator.

planar vibratory gyroscopes have been fabricated by a

micromachining technology. Micromachined structures 2. Structure and principle

can withstand harsh environments for long periods of

time, implying a lifetime not limited by the sensor The proposed gyroscope, as shown in Fig. 1,

element itself. They also have the additional comprises a silicon resonator with polysilicon springs,

advantages of small size, low price and low electric sensing coils attached to the silicon resonator and field

power consumption. coils, The resonator is driven along X-direction by
In this paper, a planar vibratory gyroscope using electrostatic force generated by AC voltage with DC

electrostatic actuation and electromagnetic detection is bias voltage across the comb-actuators. The Coriolis

proposed to obtain a high sensitivity and a simple force produced by an angular rate along Y-direction

fabrication. The gyroscope is designed using a causes the resonator to oscillate in Z-direction. The
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oscillated displacement is detected using an induced
voltage of the sensing coil which is generated by
Faraday's law. The induced voltage is proportional to
the angular rate.
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Fig. 1. The proposed planar vibratory gyroscope

3. Design of gyroscope

3.1 Electrostatic comb drive

Fig. 2 shows the linear resonator which can be
driven differentially (push-pull) using the two combs.
The derivative of the drive capacitance with respect to
lateral displacement, 9(C/dx, is constant for the comb
drive for displacements much less than the finger
overlap.
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Fig. 2. Electrostatic comb drive

Therefore, the electrostatic force F? is given by
I h()

F; = 250Neg— VUsCOS Wt €))
where, 4. is height of electrode, g. is gap of electrode,
N. is number of electrode, ws is exciting frequency, vs
is applied DC voltage and v, is applied AC voltage

3.2 Resonant frequency
An accurate analytical expression for the resonant
frequencies of the driving axis and the sensing axis

can be found[6] as

_ _1_ 2Ewk(t;,/lk)3N/e
F = 92\ "M+ 0.35m @

where M and m are the masses of the silicon
resonator and of the polysilicon spring and N, is the
number of springs. For fixed-fixed beam structure, an
analytical expression K is given as

2Ew,t}

K Sys = lk3

N, 3)

where £ is young's modulus, I=(1/12)w,t is the
moment of inertia of the spring, and wy, #, L are the
width, the thickness and the length of the spring.

3.3 Motion eguation
By the electrostatic force, the motion equation along X
axis is

2B = T8 cos ¢ @)

where K. is the stiffness of the polysilicon spring
along X axis and Q. is a quality factor. We assume
the driving frequency of the resonator equals to the
resonant frequency to obtain high sensitivity. The
Coriolis force F; produced by an angular rate
around the Y axis causes the resonator to oscillate in
the Z axis.

z(fH) = ZQF—OIgU{;QZ- sin wy t &)
where 2 is an angular rate, K, is the stiffness of the
polysilicon spring along Z axis and Q. is quality
factor. And we assume that the stiffness of polysilicon
spring K. and K. equal to K to match the resonant
frequencies along the X axis and Z axis.

3.4 Electromagnetic detecting system

As described above, applied angular rate leads to the
vibration of the resonator and the sensing coil along Z
axis. Fig. 3 shows the electromagnetic detecting
system. When the coil vibrates along Z axis, the flux
generated by the field coil varies sinusoidally. The flux
density of air gap, generated by the field coil. Since
the conductors pass through the magnetic field, an
induced voltage V' is generated in the sensing coil.
sl i, ©)

where Ny is the number of turns of field coil, / is

V = 2ar,

applied current, g, is the length of air gap, N, is the

-1090 -



number of turns of sensing coil, 4. is the thickness of
the magnetic material, 7. is the mean radius of air
gap, I is the height of the sensing coil and v is the

velocity of the sensing coil.
sensing coil
moving
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Fig. 3. Electromagnetic detecting system

3.5 Design of gyroscope
From above equations, we can derive the sensitivity
of the gyroscope.
7’, m h .
5 = By NN NG e vadQQ. (D)

In this equation, the sensitivity depend on various

parameters. Among these parameters, sensitivity is
proportional to the height of the electrode and
inversely proportional to the gap of electrode. The
highest sensitivity for a vibratory gyroscope is obtained
by thin and long spring and matching the resonant
frequency of the two oscillatory modes(drive and
detect). And the sensitivity to the angular rate is
amplified by the Q factor of the resonance resulting in
improved sensor performance.

Table 1 shows the design parameter of gyroscope.

Table 1. The design of gyroscope

N, he g
comb electrode - —
233 500um Spm
. . Wi t 1 K
polysilicon spring S Sum| 500 169
electromagnetic Fm 1. Zm
detecting system 22004m 1500m 850 m
field coil & I Ny N,
sensing coil 20004m 1400 377
resonant frequency f 200Hz
sensitivity Vi 62mV/deg/sec

4. Test of electromagnetic detecting system

The verification of the electromagnetic detecting
system was performed using the piezo actuator. Fig. 4

shows the experiment apparatus of the vibration test.
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Fig. 4. Experiment apparatus
To vibrate the sensing coil, we used the piezo
actuator. The displacement of piezo actuator measured
by laser displacement meter(KEYENCE, LC-2420) and
the output voltage are monitored simultaneously. The
electromagnetic detecting system and sensing coil are
assembled using XYZ stage.

Measurement were performed over a range of
applied current from 20mA to 50mA, displacements from
0.07um to 0.21ym. The frequency of the exciting
voltage is 200Hz, which is the same with the expected
resonant frequency. The detecting circuit consist of
amplifiers, low-pass filter, and precision rectifier. Total
amplifying gain is 2345, and the cut-off frequency is
1kHz.
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Fig. 5. Experimental Results (200Hz, 0.17:m)

Fig. 5 shows the results of the vibration test. The
upper waveform shows the displacement of sensing
coil measured by the laser displacement meter, and
lower waveform shows the output voltage measured in
the sensing coil. Fig. 6 shows how the output voltage
varies as we change the exciting current and the
displacement of sensing coil. In this graph, solid lines
indicate the results of the simulation, and the dots are
the experimental data.

The output voltage is improved with an increase of

the exciting current. When the exciting current
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increases, the linkage flux density increased. Also,
since the induced voltage in the sensing coil is
proportional to the wvelocity, the output voltage is
improved with increased displacement of sensing coil.
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Fig. 6. Output voltage vs. displacement of the sensing

coil

5. Fabrication process

The gyroscope structure are fabricated with the
four-mask process.

Si0 2 mSisNg _Poly-Si

|(110)Si

Fig. 7. Fabrication Process.

Fig. 7 shows the fabrication process of polysilicon
spring structure. After alignment target etching, comb
structure is patterned using the second mask. TEOS
Si0: and LPCVD SisNs layer are deposited and
patterned with the third mask, which defines the
contact hole between polysilicon and (110) bulk
silicon(Fig. 7.(a)). TEOS SiO. and LPCVD Si;N; are
deposited and S5gm thick polysilicon layer is then
deposited by LPCVD. LPCVD SizNs and TEOS SiO;
are deposited to pattern the polysilicon (Fig. 7.(b)).
After patterning the polysilicon spring structure with
the fourth mask (Fig. 7.c)), LPCVD SisN; is
deposited to passivate the polysilicon spring in silicon
bulk etching(Fig. 7.(d)). SizNs is removed (Fig. 7.(e))

and SiO: passivation layer is removed (Fig. 7.(f).
(110) silicon and (100) silicon are bonded (Fig. 7.(g)).
Finally, (110) silicon bulk etching is done (Fig. 7.(h)).

6. Conclusion

A planar vibratory gyroscope using electrostatic
actuation and electromagnetic detection was proposed.
Maximum output voltage is obtained when the resonant
frequency of driving part equals to the resonant
part.  The
sensitivities were varied by changing the exciting

frequency of the sensing expected
current and the velocity of the sensing parts. From the
vibration test, the high sensitivity is obtained
compared with electrostatic devices of which sensitivity
is from several gV/deg/sec to several mV/deg/sec. Also,
the sensitivity can be controlled easily by changing the
number of turns of field and sensing coils, and the
exciting current.

In  conclusion, the proposed planar vibratory
gyroscope using electrostatic actuation and
electromagnetic detection, which has advantages of
simple fabrication and large output characteristics, can

be applied practically.
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