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Abstract
In this paper, we report design, fabrication and characterization of a MEMS tuning-fork gyroscope. The main novelty of the

reported work is in devising and using an experimental set-up for angular rate measurements using an open die MEMS

gyroscope structure. A detailed methodology of characterization of the gyroscope is discussed. The complete experimental

setup for angular rate measurement is presented. Using in-house fabrication facilities, the gyroscopes are fabricated and

tested for rate measurements at different applied rotation rates from 1�=s to 35�=s. The rate sensitivity is recorded as

60 lV=�=s with a noise floor of 20 lV.

Keywords Tuning-fork gyroscope � Hybrid wafer bond � Trans-impedance amplifier � Lock-in amplifier

Introduction

Gyroscopes are essential sensors for inertial navigation

applications (Britting 1971). The conventional gyroscopes

are expensive and bulky but high performance. These

attributes limit them to a few applications. The advent of

micro-machining technologies paved the way for fabrica-

tion of MEMS gyroscopes that are light weight, compact,

low cost and amenable to bulk production (Yazdi et al.

1998; Gabriel 1994). This makes the MEMS gyroscopes

desirable for many more applications including smart

phones, gaming devices, and automotives. However, these

MEMS gyroscopes show lower performance than the

conventional ones. A better performance can be achieved

by a better design of the mechanical structure and the

circuit signal conditioning.

There are several designs of single axis and dual axis

gyroscopes available in the literature (Lai and Kiang 2009;

An et al. 1998; Park et al. 2003; Venkatesh et al. 2009;

Menon et al. 2018; Sonmezoglu et al. 2015). The emphasis

of the current work is not on novelty of design, although a

design is presented here that is eventually fabricated and

tested. Most reported works on gyroscopes show the fab-

ricated structure and very basic mechanical characteriza-

tion for in-plane and out-of-plane resonant frequencies.

The most crucial characterization for a gyroscope, how-

ever, is the angular rate measurement. This is generally a

difficult characterization unless the gyroscope is fully

packaged (hermetically sealed under high vacuum) and the

electronics integration is complete. The difficulty of getting

to this stage has prematurely scuttled many efforts on gyro

development. This is the primary focus of the current work.

We show, in sufficient details, how a fabricated gyro can be

mounted on an open die and tested for rate measurements

with a relatively simple lab set-up that requires only basic

electronics interface. The design and fabrication of the

gyroscope discussed here are only for completeness of the

development of a lab prototype. There are, however, some

novelties in the design and fabrication as well which are

discussed explicitly in the respective sections.

Gyroscope design

Folded beam tuning-fork gyroscope

The folded beam tuning-fork gyroscope design comprises a

pair of perforated/non-perforated proof-masses supported
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by a suspension system consisting of double-folded flex-

ures. As shows in Fig. 1, the two proof-masses are

mechanically coupled through a relatively rigid bar and a

set of flexures. The outer and inner combs electrostatically

drive the proof-masses in anti-parallel motion with respect

to the substrate surface along the drive direction (X-axis).

When an external angular rotation is applied along the

sensitive axis (Y-axis), the proof-masses experience Cori-

olis acceleration along the sense direction (Z-axis). The

differential motion of the proof-masses induces electrical

currents in the metal electrodes which flow through the

sense pick-off (Table 1).

In tuning-fork mode, the proof-masses oscillate in the

anti-parallel mode. In this design the first four vibrational

modes are of primary interest (Weinberg and Kourepenis

2006). These structural modes are: (a) out-of plane mode as

shown in Fig. 2a—proof-masses move in-phase along the

z-axis, (b) hula mode as shown in Fig. 2b—proof-masses

move in-phase along the x-axis, (c) drive mode as shown in

Fig. 2c—proof-masses move in-plane in the anti-parallel

mode, (d) sense mode as shown in Fig. 2d—proof-masses

move out-of-phase along the z-axis (out-of-plane, anti-

parallel mode).

The primary design criterion is to ensure the tuning-fork

operation of the gyroscope structure, i.e., the comb-drives

should not excite the hula mode in which the two masses

move in-phase parallel to the substrate. The hula mode can

be excited by a linear acceleration. It is, therefore, required

to maintain considerable frequency separation between the

hula mode and the drive mode (anti-parallel) considering

the width tolerances in microfabrication.

The second design criterion is to maintain the minimal

frequency separation between the drive and sense modes.

Also, the sense mode frequency should be higher than the

drive frequency. This criterion offers an advantage of

achieving low bias from the reduced excitation energy

coupling with the sense mode (Weinberg and Kourepenis

2006). Usually low frequency fundamental modes store

more energy and are easy to excite. Thus by pushing the

sense mode frequency higher than the drive frequency,

higher driving amplitudes and low energy coupling to

sense direction are achieved. In the sense mode, the parallel

plate capacitor configuration enables frequency tunability

for mode match operation by electrostatic controls.

Another important mode order criterion is to keep the

out-of-plane in-phase mode away from the sense mode

frequency and not between the drive and sense mode fre-

quency. In this mode, the proof-masses are easily

excitable by any linear acceleration, resulting in false

reading of angular rate measurements.

In tuning-fork operation of the gyroscope, the proof-

masses move in opposite direction so that the base beam

remains essentially static, and negligible shear stresses are

transmitted through the anchors to the substrate. The

absence of anchor bending ensures negligible energy

transfer or radiation to the substrate, which results in high

mechanical quality factor. From the numerical simulations

shown in Fig. 2, it is evident that the tuning-fork eigen-

frequencies primarily depend on the suspension beams

since the proof-mass and the base beam show no defor-

mation in the modes of interest.

The performance of a MEMS gyroscope structure in

high vacuum environment is limited mostly by anchor

losses and thermoelastic damping. In vacuum, anchor los-

ses dominate over other losses (Trusov et al. 2008). Min-

imal anchor loss can be achieved by an effective design of

the suspension system of the gyroscope structure. A dou-

ble-folded flexure is one of the sophisticated designs that

allows minimum mechanical stresses induced in the sus-

pension near the anchor region and also enables large

displacements with better linearity for any applied force.

This design also provides reduced mechanical coupling

between the drive and sense modes for gyroscope opera-

tion. Figure 3 shows a double-folded flexure with guided

end (proof-mass) and clamped end.

This flexure design consists of four clamped-guided

flexures, connected in parallel and series combination

having one end attached to a rigid bar. Figure 3 consists of

four-clamped-guided beams with spring constants

Base beam

Suspenion beams

Anchors

l
1

l2

w

Comb-Drive

T

Z

X YSense Capacitor

Fig. 1 Tuning-fork gyroscope with double-folded flexure design

Table 1 Design parameters of folded tuning-fork gyroscope

Parameter Value (lm)

l1 1000

l2 200

Width (W) 16.5

Thickness (T) 23

Plate length 1800

Comb finger gap 5

Vertical sense gap 2
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indicated as K1, K2, K3, and K4. The net spring constant

between the clamped end and the guided end is estimated

by considering the two parallel combinations of (K1, K4)

and (K2, K3), to be in series connection (refer Fig. 3b):

Keff ¼
1

K1 þ K4

þ 1

K2 þ K3

� ��1

: ð1Þ

Fabrication

The designed vibratory gyroscope is fabricated using a

modified SOI-on-glass process as described in Reddy and

Pratap (2016). Briefly, the process flow is as follows. SOI

and HOYA SD-2 glass are used as the structural material

and the substrate material, respectively. The device layer of

SOI wafer is intrinsically doped with boron with resistivity

between 0.01 and 0.02 Ohm-cm. A SOI wafer with device

layer thickness of 25 lm, buried oxide thickness of 1 lm,

and handle layer thickness of 450 lm is selected. A higher

doping level is required to make the device silicon act as

electrical conductor for device operations. Usually, p-type

(Boron) doped silicon is used for anodic bonding, because

it has excess of holes compared to n-type silicon. The

presence of higher number of holes enhances the

Out-of plane-mode resonant frequency = 3114 Hz 

Z

X Y

(a)

Hula-mode resonant frequency = 3134 Hz 

Z

X Y

(b)

Drive-mode resonant frequency = 3228 Hz 

Z

X Y

(c)

Sense-mode resonant frequency = 3230 Hz 

Z

X Y

(d)

Fig. 2 FEM simulation results for the first four modes of the folded

tuning-fork gyroscope. Mode shapes are a out-of-plane in-phase mode

at 3114 Hz, b hula mode (in-plane in-phase mode) at 3134 Hz, c drive
mode (in-plane out-of-phase mode) at 3228 Hz, and d sense mode

(out-of-plane out-of-phase mode) at 3230 Hz. The arrows indicate the

direction of motion in each case
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Fig. 3 a Structure of a double-folded flexure, and b the equivalent

spring combination for computing the net stiffness
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electrostatic force at an applied DC voltage, which offers

faster bonding process compared to n-type or undoped

wafers (Lee et al. 2000). The structural pattern along with

the sensing gaps is formed in the device layer of SOI wafer.

Metal electrodes are formed on the HOYA SD-2 glass

substrate. These two wafers are then bonded together using

a novel hybrid wafer bonding technique as described

in Reddy and Pratap (2016). This bonding process creates a

hetero-junction of gold–silicon–glass by forming electrical

contact along with mechanical support for the gyroscope

structure.

Figure 4 shows the complete gyroscope structure with

perforated proof-masses realized after etching of the buried

oxide layer using a dry etch process.

Characterization

The microfabricated gyroscope structures are characterized

for their electrical and mechanical response. This is done

primarily to investigate deviations from the design speci-

fications. The structures are first inspected for physical

appearance using optical microscopy. Further, scanning

electron microscopy (SEM) is used to investigate micron-

scale features such as comb fingers, suspended beams and

other suspension elements, shown in Fig. 5. Selected

gyroscope structures are further characterized for electrical

characteristics and mechanical characteristics as described

in the following sections.

Electrical characterization

For the fabricated gyroscope structures, electrical charac-

terization is required to identify the type of electrical

contact formed at the wafer bond interface. Measurements

of base capacitance and pull-in voltage for the parallel

plate capacitor are carried out. Agilent B1500A Semicon-

ductor Device Analyzer is used for current–voltage (I–

V) and capacitance–voltage (C–V) measurements.

I–V characterization

In this test, the electrical contact that is formed during the

hybrid bond process is characterized for its resistance

characteristics. The I–V characteristics reveal the type of

resistant contact formed at the wafer bond junction. Typi-

cally, in semiconductors, there are two types of contacts:

Ohmic and Schottky. Ohmic contact allows current pro-

portional to the applied voltage through the metal semi-

conductor junction with resistance value as the

proportionality constant. Schottky contact allows a current

which is not linearly proportional to the applied voltage

across the junction. Figure 6 shows the current–voltage

characteristics across the A and B ports (see the inset of

Fig. 6). These ports are realized by a novel hybrid wafer

bonding method (Reddy and Pratap 2016). From the

measurement results, and an almost perfect linear fit, we

can safely conclude that the contact formed between the

structural silicon and the gold junction is of Ohmic type.

Fig. 4 Microfabrication of gyroscope with perforated proof-mass

Fig. 5 Scanning electron microscope images of a folded tuning-fork

gyroscope, and b comb fingers with 5lm spacing
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C–V characterization

The base capacitance between the sensing electrodes is one

of the key parameters to estimate the sensitivity of the

gyroscope. A pull-in analysis of the parallel plate capacitor

is required to estimate the operational range of the bias

voltage on the structure. Thus, capacitance between the

sense electrodes is measured over various applied voltages.

Typically, the graph of capacitance (y-axis) vs voltage (x-

axis) is parabolic with the base capacitance value at the

trough. Figure 7 shows the C–V characteristics between B

and C ports. These two ports are separated by an air gap.

As the applied voltage increases, the electrostatic force

increases, which results in a decreased air gap. Hence,

capacitance increases. From the results, it is evident that

the sense electrodes are separated with air gap as designed.

The base capacitance is expected to be 14.60 pF at zero

voltage.

An ideal parallel plate capacitor is formed by two metal

electrodes separated by a dielectric medium. For an applied

electric potential, surface charges cause electrostatic forces

that pull the electrodes closer resulting in increased

capacitance. The C–V response is expected to be symmetric

about the zero Volt line. However, in almost all electro-

static-based MEMS devices, one of the electrodes is made

up of highly doped silicon, either p-type or n-type. In our

gyro, p-type silicon is used as one of the electrodes. Usually,

pMOS (p-type metal oxide semiconductor) C–V character-

istics differ from the ideal (symmetric) C–V characteristics

due to accumulation, depletion, and threshold of inver-

sion (Streetman and Banerjee 2000). In the gyro capacitor,

the p-type structure (proof-mass) and the gold electrode

separated by the dielectric air gap form a depletion layer in

the structure and the corresponding threshold voltage causes

asymmetry of the C–V response. In Fig. 7, the voltage

corresponding to the minimum capacitance can be repre-

sented as the threshold for inversion. The base capacitance

value corresponds to zero voltage as measured is 14.61 pF

which is as expected from the design.

Mechanical characterization

Mechanical characterization of the gyroscope is carried out

to measure and estimate different dynamic performance

parameters. Finding resonant frequencies of the gyro

structure in drive and sense modes is necessary to achieve

better performance of the gyroscope (Acar and Shkel

2008). Estimation of the squeeze film damping in-terms of

quality factor under different ambient conditions is also

carried out. In this work, we use a non-contact measure-

ment technique known as Laser Doppler Vibrometry. We

use Micro-System-Analyzer (MSA-500) by Polytec to

measure the dynamic characteristics of the gyroscope

structure.

In-plane motion

The gyroscope structure employs a linear comb-drive

actuator to drive the structure in the drive-axis direction

parallel to the substrate surface. To precisely measure the

frequency and amplitudes of in-plane motion of the comb-

drive, MSA-500 uses stroboscopic technique. In this

technique, short light pulses synchronized with the elec-

trical excitation signal connected to the comb fingers are

used to captures the position during the motion at precise

phase angles. For the short duration of illumination, the

motion appears frozen. By shifting the timing of the illu-

mination pulses by phase angle increments at each fre-

quency, the motion of the comb finger can be sampled and

R=1.3 kΩ
1000 μm

A B

Fig. 6 Current–voltage characteristics between A and B ports

Vdc

C

B

1000 μm
C

B

Fig. 7 Capacitance–voltage response of sense electrodes across B and

C ports
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thus the in-plane motion can be captured. The frequency

response can also be used to estimate the damping effects

on the structure resulting from slide film damping.

Out-of-plane motion

The designed gyroscope structures use motion normal to

the substrate as sense oscillations. It is necessary to mea-

sure the resonant frequency of the structure in sense mode

to achieve the mode match and mode split configurations.

MSA-500 uses the Doppler effect technique—sensing the

frequency shift of the back scattered light from the moving

structure—to measure the out-of-plane oscillation fre-

quency. The frequency response is also used to estimate the

squeeze film effects resulting from the ambient pressure

conditions.

The measured frequencies as, drive mode frequency

3.19 kHz with quality factor of 103 at atmospheric pres-

sure, and sense mode frequency is 3.31 kHz with quality

factor of 275 at 25 lbar pressure. At atmospheric pressure,

sense mode (out-of-plane) oscillation experiences squeeze

film damping and stiffness effects. In other work (Godthi

et al. 2015), we have reported an experimental study on

effect of squeeze film stiffness on frequency response of

MEMS structure.

Rate measurements

The hardest part in a MEMS gyroscope development is the

angular rate measurement in a lab setting without using a

fullblown electronic integration of the gyro structure in a

packaged form. In this section, we report a design of

appropriate pre-amplifier electronics and integrated with

the folded tuning-fork gyroscope along with lock-in

amplifier on a PCB. The developed board is then mounted

in a vacuum chamber fixed to a single axis rate table for the

final rate measurements.

Electronic integration

A sophisticated electronic integration is required for rate

measurements using the gyroscope system even in the lab

setup. Such integration involves drive circuit, capacitance

readout circuit with appropriate amplifier and other signal

conditioning circuits on a single PCB. To achieve a suffi-

ciently sensitive circuit, component level circuit simula-

tions are carried out.

Sense circuit

In the operational gyroscope, a harmonically excited

structure—with an applied external rotation rate about the

sensitive axis results in motional currents across the sens-

ing electrodes that lead to the current output. Trans-impe-

dance amplifier (TIA) is a circuit that actively amplifies

and converts the current into voltage (Shaunfield et al.

1967). TIA is widely used in optical receivers for sensing

photocurrents from photodiodes. It is implemented using

an operational amplifier.

Figure 8 shows TIA circuit with a feedback resistor and

capacitor. From the rules of an ideal operational amplifier, it

has high input impedance (ideally infinite); therefore, the

circuit does not draw any significant input current. Hence, in

the ideal case for the TIA (Fig. 8), the current only passes

through the feedback resistor with gain equal to the resistor

value. However, in reality, operational amplifiers have a

finite gain which varies over frequency. The operational

amplifier can experience self-oscillations that appear in the

output voltage. Figure 9 shows circuit simulation results for

TIA, with a feedback capacitor and without feedback

capacitor. From the results, it is evident that the feedback

capacitor effectively adds a low-pass filter to the output

avoiding circuit resonance. Typically, the feedback capaci-

tor is connected in parallel with the feedback resistor.

Usually, a single transimpedane amplifier is capable of

converting current to voltage and amplifying it. However,

MEMS devices with differential capacitance scheme can

be configured with two channel TIA circuit. It is necessary

that the input channels have the same frequency with 180�

phase difference. The sensitivity of the gyroscope is

determined by the sense mode electronics. High perfor-

mance gyroscopes require care in sense mode pre-amplifier

and the control electronics to readout femto amperes of

current.

Drive circuit

In the developed gyroscopes, to achieve the tuning-fork

drive mode, the inner and outer comb-drives are required to

Is

Cf

Rf

Cp OPA

V1

VO

Fig. 8 Trans-impedance amplifier with a feedback capacitor
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be actuated with 180� phase difference. Comb-drives with

push–pull scheme enable this tuning-fork mode. Push-pull

drive scheme requires a differential AC driving voltage

with a DC offset. Instrumentation amplifiers are key

components in delivering the actuation signal with appro-

priate conditioning. The instrumentation amplifier is used

to amplify the AC voltage signal, and the capacitors and

resistors are used to inject the desired DC offset. For dif-

ferential actuation voltages with 180� phase difference, two
instrumentation amplifiers connected with passive compo-

nents are required as shown in Fig. 10a. The drive elec-

tronics (Fig. 10b) is integrated with MEMS device below

the Laser Doppler Vibrometer for characterizing the in-

plane motion. Figure 11 shows the frequency response of

the gyroscope structure for in-plane motion. The first peak

frequency 3.03 kHz corresponds to hula mode oscillation

shown in Fig. 2b and the second peak frequency 3.19 kHz

corresponds to drive mode oscillation amplitude of 363 nm

with applied voltage 18Vdc and 9Vac as shown in Fig. 2c.

Figure 12 shows the front-end electronics for gyroscope

rate measurements. It is implemented with drive circuit and

the sense circuit on a single PCB. The board also has a

socket for mounting a packaged device. In this circuit, we

use AD8066 as a dual operational amplifier, AD8429 as

instrumentation amplifier, TPS7A49, and TPS7A300 as

positive and negative voltage regulators, respectively.

These regulators are used to provide regulated voltage for

amplifiers in the circuit, thus preventing the influence of

voltage supply fluctuations on the operational amplifier.

For device mounting, P2044S socket from PLASTRONICS

and LCC04416 leadless ceramic chip carriers from Spec-

trum Semiconductors are used. The circuit board with

device package is mounted inside a vacuum chamber.

AD8065

12
V2

12
V1

Rf (1Meg)

Vout
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Fig. 9 a TIA circuit and b frequency characteristics of the circuit with

a feedback capacitor and without feedback capacitor
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Vdc- Vac

(a)

(b)

Fig. 10 Differential drive electronics; a schematic circuit and

b working electronics on a PCB

fd=3.19 kHzf1=3.03 kHz

Fig. 11 Frequency response of the gyroscope structure with differ-

ential drive circuit
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Rate measurement setup

In the rate measurement setup, the electronics integrated

packaged device is kept inside a vacuum chamber. Fig-

ure 13 shows the complete experimental setup for rate

measurements. A single axis rate table (Ideal Aerosmith

1291BR) is mounted with the vacuum chamber on top.

SMA feed-through connectors are used for electrical con-

nections to electronics in the chamber. The vacuum

pumping system is actively connected to the vacuum

chamber during experiment which limits the gyroscope

characterization for high rates. A DC power supply is used

to power up the operational amplifiers in the circuit. A

Lock-in amplifier (Zurich-MFLI) is used to supply device

dc bias, AC and DC voltages for driving circuit, and to

demodulate the sense voltage to read the rate signal. Device

The double-folded dual mass tuning-fork gyroscope is

tested for the rate output. The drive frequency is measured

as 3.19 kHz in atmospheric pressure, as shown in Fig. 11.

However, in this setup, the device is kept under vacuum

environment for better sensitivity and functionality. Fig-

ure 14 shows the electrical connections of the structure.

The structure is supplied with a bias voltage; the inner and

outer comb-drives are connected to the drive circuit; and

the bottom electrodes are connected to the sensing circuit

with differential configuration. The angular rotation is

applied about the Y-axis in Fig. 14. Pump and chamber An

in-house developed vacuum set-up is used to create vac-

uum inside the chamber. It is capable of achieving 10–20

lbar vacuum pressure, which can be monitored with a set

of pressure gauges. The device-mounted chamber is placed

perpendicular to the top of the rate table and fixed firmly.

The electrical connections are taken from the SMA feed-

through connectors to power the pre-amplifier circuit, and

to provide the device readout to the lock-in amplifier. Lock-

in amplifier When an external angular rotation is applied

about the sensitive axis, the structure experiences Coriolis

force along the sense-axis at drive frequency modulated

with rate signal. Usage of a lock-in amplifier simplifies the

rate signal extraction from the sense-axis oscillations. In

our setup, the drive voltage signal frequency is provided by

the lock-in amplifier and the measured sense signal oscil-

lations are demodulated at the drive frequency. Therefore,

the rate signal is measured in time. MFLI lock-in amplifier

AUX output is used for biasing the structure to achieve

better signal-to-noise ratio.

Rate readout

The gyroscope structure is actuated with 7.5 Volts AC with

a DC offset of 4.5 V at drive resonant frequency (3.19

kHz). The structure is maintained at a 150 mV bias voltage.

The vacuum chamber is maintained at 10–20 lbar pressure.
Due to the presence of unavoidable leakages, the pump is

actively connected to the chamber. This puts a constraint

on the workable range of the rate of rotation. Desired

rotation rates are sent to the rotation table via rate

table controller. The external rotation is applied orthogonal

Fig. 12 Front-end electronics for gyroscope with drive and sense

circuits on a PCB

Vacuum Pump Rate Table with 
Chamber with LabOne

DC Power Supply

Vsignal

Vac
Vdc

Vbias

Vs-
Vs+

Fig. 13 Experimental setup for the gyroscope rate measurement

1 mm

Vdc+ Vac

Vdc- Vac

Vbdc

Z
Y

+Is -Is

X
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Fig. 14 SEM image of double-folded tuning-fork gyroscope
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to the drive axis. Figure 15 shows the gyroscope response

at lower angular rates that vary from 4�=s to 10�=s with

incremental step of 1�=s. The rotation profile is provided in

clock-wise and counter clock-wise directions. Similarly,

gyroscope response is measured at higher rotation rates

from 10�=s to 30�=s. The voltage output response is

recorded with the noise floor of 20 lV as shown in

Fig. 15a.

Figure 16 shows the real-time rate measurement from

the gyroscope with lock-in amplifier. At different rotation

rates, the amplitude-demodulated gyroscope sense oscilla-

tions are recorded with LabOne, a proprietary software

from Zurich Instruments. The lock-in amplifier shows the

gyroscope response after pre-amplification of the sense

signal, displaying the sense voltage in time, which is

recorded by LabOne software.

The gyroscope rate sensitivity is estimated form the rate

response. Figure 17 shows the sense voltage output at

various rotation rates. From data regression analysis, it is

evident that the response shows good linearity over the

measurement range. The gyroscope rate sensitivity is

measured as 60 lV=�=s with a linearity of 99:9%.

The full-scale rotation rate is estimated indirectly from

the pull-in analysis. This gyroscope is fabricated with 2 lm
sensing gap. From the pull-in theory, the maximum dis-

placement of one plate of the capacitor can be achieved as

1=3rd of the gap between the sense electrodes. For this

gyroscope, the maximum sensing displacement estimated

is approximately 666 nm. This sensed displacement is

equivalent to a rate of 4625�=s. This is a theoretical value,

it is, however, safer to assume that the fabricated gyro

could sense up to � 3000�=s without any issue.

(a)

(b)

Fig. 15 Gyroscope rate response at a lower rates and b higher applied

rotation rates (dps degree per second)

Gyroscope 

Rate Table 

Monitor 

Z

Y

X
Ωy

Vx

Fig. 16 Real-time rate measurement setup

Fig. 17 Gyroscope response at different rate of rotations
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Conclusions

In this paper, we have discussed design for an electrostatic

tuning-fork gyroscopes. The gyroscopes designed have

been fabricated using a modified SOI-on-glass process with

small air gap and large proof-masses. We have carried out

mechanical characterization to measure and verify the

designed and sense frequencies, and electrical characteri-

zation for contact resistance as well as C–V characteristics

of the sensing electrodes. We have presented a detailed set-

up and a method for carrying out rate measurements using

a Lock-in amplifier. Using analog discrete components,

design of front-end electronics including drive and sense

circuit is also presented. Finally, we have carried out rate

measurements, at different applied rotation rates from 1�=s

to 35�=s. The rate sensitivity is recorded as 60 lV=�=s with
a noise floor of 20 lV. To achieve a better response from

the gyroscope, the package needs to be hermetically sealed

at high vacuum conditions.
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