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Suppressing the mechanical quadrature error of a quartz double-H
gyroscope through laser trimming∗
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In this paper, we introduce a z-axis quartz gyroscope using a double-H tuning fork, which has a high sensitivity.
However, it also causes a large mechanical quadrature error. The laser trimming method is used to suppress this error
at quartz level. The trimming law is obtained through the finite element method (FEM). A femtosecond laser processing
system is used to trim the gold balancing masses on the beams, and experimental results are basically consistent with the
simulated ones. The mechanical quadrature error is suppressed by 96%, from 26.3◦ s−1 to 1.1◦ s−1. Nonlinearity changes
from 1.48% to 0.30%, angular random walk (ARW) is reduced from 2.19◦ h−1/2 to 1.42◦ h−1/2, and bias instability is
improved by a factor of 7.7, from 197.6◦ h−1 to 25.4◦ h−1.
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1. Introduction
The micro-electro-mechanical system (MEMS) gyro-

scope is a well-known angular rate sensor, which has been
widely used in various inertia measurement fields, such as
robotics, vehicle brake systems, and image stabilization.[1,2]

The quartz gyroscope is a kind of MEMS gyroscope based on
the piezoelectric effect, which has advantages of compact size,
low cost, bulk production, and high temperature stability.[3–6]

However, mechanical quadrature error, which is often larger
than the angular rate signal, affects the performance of the gy-
roscope, such as bias stability, angular random walk (ARW),
dynamic range, and temperature stability. The quadrature er-
ror is defined as the direct coupling of drive mode to sense
mode.[7] The sources of quadrature error are mainly imbal-
ances in mass, driving force, and stiffness. The imbalance in
stiffness is the dominant source for the quadrature error, which
is induced by inevitable micro-fabrication tolerances leading
to structural defects, especially etching facets or asymmetries.

Various techniques are adopted to suppress the quadra-
ture error in MEMS gyroscopes. One approach is to intro-
duce a decoupled structure using specially designed proof
masses and beams, but a small quadrature error still exists af-
ter decoupling.[8,9] A commonly used approach is to design an
electronic feedback control circuit to inject a signal in oppo-
site phase to the quadrature error or inject a signal to tune the
stiffness matrix.[10–12] This type of compensation is limited
by the stability of the device, especially in the case of devices
with great imperfections. Another approach is to trim the gy-
roscope chip at wafer level by using a laser. This technique

can suppress quadrature error efficiently when large imperfec-

tions exist in the device. It is a high-cost approach, even if it

does not require any additional electronic circuitry. Laser trim-

ming for suppressing quadrature error in a silicon MEMS gy-

roscope has been reported.[13] This technique has also been in-

troduced to deal with quartz MEMS gyroscopes through some

patents.[14–17] However, few papers have reported the details

of laser trimming for quartz MEMS gyroscopes.

Our work focuses on the compensation of quadrature er-

ror for a quartz double-H tuning fork gyroscope at quartz

level through femtosecond laser trimming, owing to its ad-

vantages, such as good controllability and high accuracy and

edge quality.[18,19] This structure with four sense beams has

a good ability to gather charges, leading to a high sensitivity.

However, it also causes a large mechanical quadrature error.

In this paper, the theory of quadrature error of the double-H

gyroscope is illustrated, and the output expression is obtained

in Section 2. The trimming law of the gyroscope chip is dis-

cussed through an FEM simulation in Section 3. Then, the

whole trimming processes, comprising the fabrication process

of micro-electroplating and the experimental setup of the fem-

tosecond laser processing system, are introduced in Section

4. In Section 5, the experimental results of trimming through

a femtosecond laser processing system are discussed, and the

performances before and after laser trimming are compared

and analyzed. Finally, some concluding remarks are given in

Section 6.
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2. Theory of mechanical quadrature error of a
double-H tuning fork

The structure of a double-H tuning fork gyroscope is
shown in Fig. 1. It is a z-axis gyroscope. The four external
beams are drive beams, and the four internal beams are sense
beams. Based on the Coriolis theory, the rotation of the sys-
tem on the z axis induces Coriolis acceleration along the y axis,

which makes the vibrations of cross beams couple to the sense
beams. Therefore, the sense beams also vibrate along the x
axis. It reduces the complexity of fabricating electrodes, and
four sense beams lead to a high sensitivity of the gyroscope.
Gold balancing masses on drive beams are used to suppress the
quadrature error, and the gold balancing masses on the sense
beams are used to maintain the frequency difference between
the drive mode and the sense mode.

x

y

drive

Coriolis 
acceleration

z

drive beam sense beam

mass for trimming

1

2 3

4

crossbeam

(a) (b) (c)

Fig. 1. Structure of a double-H gyroscope. (a) Gyroscope chip with gold masses, (b) drive mode, and (c) sense mode.

The mechanical quadrature error of the micro-quartz gy-
roscope is mainly induced by the imperfections in the fabrica-
tion process, which causes the gyroscope chip to be asymmet-
rical in some aspects, such as stiffness, damping, mass asym-
metry, etc. In theory, the dynamics equation of the gyroscope
is expressed as[

m 0
0 m

][
ẍ
ÿ

]
+

[
cx 0
0 cy

][
ẋ
ẏ

]
+

[
kx 0
0 ky

][
x
y

]
=

[
Fx
Fy

]
, (1)

where m is the mass of the gyroscope chip, Fx and Fy are forces
along the x axis and y axis, cx and cy are the dampings along
the x axis and y axis, and kx and ky are the stiffnesses along the
x axis and y axis, respectively. They are written as

cx =
ωxm
Qx

, cy =
ωym
Qy

, kx = ω
2
x m, ky = ω

2
y m, (2)

where ωx and ωy are the resonance frequencies along the x
axis and y axis, Qx and Qy are the quality factors along the x
axis and y axis, respectively. The driving motion x is expressed
as

x(t) = x0 sin(ωxt). (3)

The Coriolis force Fy is expressed as

Fy = 2mΩ ×𝑣 = 2mΩx0ωx cos(ωxt), (4)

where Ω is the angular rate on the z axis. When there exists a
fabrication error, Eq. (1) can change into[

m 0
0 m

][
ẍ
ÿ

]
+

[
c′x cxy
cxy c′y

][
ẋ
ẏ

]
+

[
k′x kxy
kxy k′y

][
x
y

]

=

[
Fx
Fy

]
, (5)

where cxy is the damping coupling coefficient and kxy is the
stiffness coupling coefficient. The Q factor of quartz crystal is
high, so cxy can be neglected.

Because of fabrication errors, the actual axes of the stiff-
ness rotate an angle of α with respect to the original axes as
shown in Fig. 2.[20] The stiffness matrix is expressed as[

k′x kxy
kxy k′y

]
=

[
cosα −sinα

sinα cosα

][
kx 0
0 ky

][
cosα sinα

−sinα cosα

]

=

 kx cos2 α + ky sin2
α

1
2

sin2α(kx− ky)

1
2

sin2α(kx− ky) ky cos2 α + kx sin2
α

 , (6)

where kx = 2Ehw3/3L3, ky = Ehw3/4L3, E is the Young’s
modulus, h is the thickness of beam, w is the width of beam,
and L is the length of beam. Equation (5) on the y axis can be
simplified into

ÿ+
ωy

Qy
ẏ+ω

2
y y = 2Ωx0ωx cos(ωxt)−

kxyx0

m
sin(ωxt), (7)

whose solution is

y(t) =
2x0ωxΩ cos(ωxt−ϕ)+(kxyx0/m)sin(ωxt−ϕ)√

(ω2
y −ω2

x )
2 +(ωxωy/Qy)

2
, (8)

where

ϕ = arctan

(
ωxωy

Qy(ω2
y −ω2

x )

)
. (9)
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According to the structure of a double-H style gyroscope,
the output of the gyroscope chip is expressed by

Uo(t) = SΩ cos(ωxt−φ)+
εδ

B
Asin(ωxt−φ),

where

S =
εδ

B
8ωxx0,

A = 4x0

(
kxy1

m1
+

kxy3

m3
−

kxy2

m2
−

kxy4

m4

)
,

B =

√
(ω2

y −ω2
x )

2 +

(
ωxωy

Qy

)2

, (10)

where ε is the piezoelectric coefficient, δ is the coupling co-
efficient from the crossbeam to the sense beam, S is the sen-
sitivity, m1, m2, m3, and m4 are respectively the mass of the
left upper part, left lower part, right lower part, and right up-
per part of the tuning fork, and kxy1, kxy2, kxy3, and kxy4 are
the corresponding stiffness coupling coefficients of these parts
shown in Fig. 1(a). The first term on the right-hand side is the
angular rate signal. The second term, which is orthogonal to
the first term, is the mechanical quadrature error. Although the
sensitivity is high, quadrature error is usually larger than that
of the angular rate signal, which restricts the gain of amplifier.
Therefore, laser trimming is used to change the mass, thereby
reducing A at zero point for improving the performance.
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Fig. 2. Rotations of the principal axes of stiffness in (a) ideal case and
(b) rotation case.

3. FEM simulation
The FEM is used to simulate the output of gyroscope

chip in the case of non-angular input, and analyze the rela-
tionship between the output and removed amount of mass on
the beams. It provides a basis for laser trimming.

The model of the gyroscope chip is built first. Then, the
mass point is induced at the end of each fork of the model.
For the reason that the highest influence on the moment of in-
ertia I of the gyroscope is achieved, when mass is added to
or removed away from the rotation axis as far as possible, ac-
cording to Steiner’s Theorem,[13] we have

I′ = I +ms2, (11)

where s is the distance of the balancing mass from the rotation
axis.

The dimensions of beams and the facets at the roots of the
beams are measured by using an Olympus STM6 measuring
microscope, and the mechanical quadrature error is induced
by changing the size of the model according to the measure-
ment results. Then, the balancing masses on the four drive
beams are removed to obtain the output of the gyroscope and
the balancing masses on the sense beams are removed to main-
tain the frequency difference. The balancing masses on drive
beams are labeled as shown in Fig. 1. The amount of mass
removed once is set to be 10% of a balancing mass. The sim-
ulation results are shown in Fig. 3.
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Fig. 3. (color online) Simulation results of trimming gold masses. (a)
Trimming one gold mass on each beam and (b) trimming diagonal gold
masses simultaneously.

The result of removing mass 1 is similar to that of mass
3. Both of them first decrease to their minimum points and
then increase. On the other hand, the result of removing mass
2 is similar to that of mass 4. They all increase monotonically
as the removed amount increases. Moreover, the output can
be suppressed by trimming mass 1 and mass 3 simultaneously.
The output decreases to 0.012 V when the removed amount
is 30%. On the contrary, the output increases when removing
mass 2 and 4.

In the trimming process, the removed amounts of mass
1 and mass 3 are not easy to control accurately to make the
output be exactly at the minimum point. If mass 1 and mass
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3 are trimmed excessively, then mass 2 and mass 4 should be
trimmed. Figure 4 shows the results of trimming mass 2 and
mass 4, when the removed amounts of mass 1 and mass 3 are
40%, 60%, and 80%, respectively.
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Fig. 4. (color online) Simulation results of trimming mass 2 and 4,
when trimming mass 1 and 3 excessively.

Moreover, the simulation results by inducing different
mechanical quadrature errors are similar. In conclusion, the
laws of the output through removing balancing masses on di-
agonal beams are similar. A pair of them increases monoton-
ically, and the other pair first decreases to the minimum point
and then increases. The output can be suppressed to the min-
imum point through trimming the latter pair properly. If the
latter pair of balancing masses is trimmed excessively, then
the former pair of balancing masses should be trimmed.

4. Experimental setup
The whole experiment consists of the following pro-

cedures: tuning fork making, electroplating gold balancing

masses, femtosecond laser trimming, and measurement of the
output signal in the detecting circuit.

In the fabrication process, Cr/Au films were deposited on
the quartz wafer. The adhesion of Au films was improved by
depositing them on Cr layers, so that the effect of the stress dif-
ference between different materials can be weakened and the
long-term performance of the gyroscope can be guaranteed.
The gold balancing mass was electroplated on Cr/Au films at
the end of each beam, and the size is 300 µm×180 µm×8 µm.
The photoresist AZ4620 was used to make the mask for elec-
troplating through exposure by an ABM mask aligner system.
Sulfite is the main ingredient of electroplating solution, owing
to its low pollution and proper surface quality of electroplated
layer.

A femtosecond laser processing system made by the
Newport Corporation was used to trim the gold balancing
masses on the beams. The system is shown in Fig. 5. The
femtosecond laser system contains a Tsunami laser oscillator
and a Spitfire Pro laser amplifier. A computer control system
was used to set parameters such as wavelength, output power,
and motion of platform. The wavelength is set to be 586 nm,
the pulse energy is 3 µJ, the pulse duration is 50 fs, and the
repetition frequency is 1 kHz. The speed of the platform was
set to be 300 µm/s. The displacements along the x axis and y
axis are 200 µm and 20 µm, respectively. The ablation depth
was controlled below 7 µm. The gyroscope was located on the
platform, the supply voltage is ±9.0 V, and the output signal
was observed by using a Tektronix oscilloscope. The measure-
ment value of the mechanical quadrature error is the output of
the amplifier as shown in Fig. 6.
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Fig. 5. Schematic diagram of the laser processing system.
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Fig. 6. Detection circuit of the double-H gyroscope.
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Fig. 7. (color online) Experimental results of (a) trimming mass 2, (b) trimming mass1 and 3, and (c) trimming mass 2 and 4 when mass is
trimmed excessively.

Finally, the gyroscope is located on the rotation platform
in the thermostat, and the outputs in a range of ±200◦ s−1

are measured at the sample rate of 2 Hz with a PCI-6280 data
acquisition device made by National Instrument. Then, zero-
rate output is measured, which takes 4 h at the sample rate of
200 Hz.

5. Results and discussion
Through laser trimming, the mechanical quadrature error

is suppressed efficiently by 96% from 1.052 V to 0.042 V, and
the corresponding zero bias output is 26.3◦ s−1 and 1.1◦ s−1,
respectively. The experimental results are shown in Fig. 7,
which are mainly correlated with the simulation results. The
amount of mass removed through laser trimming is about 5%
(ablation size 200×20×5.5 µm3) of a gold balancing mass
(300×180×8 µm3) in each step. In Fig. 7(c), the minimum
point of the quadrature error is a little higher than the sim-
ulation result, partly due to the errors of the model in the
simulation, and partly due to the in-phase errors in the out-
put of gyroscope. The capacitive coupling error is the main
source of the in-phase errors. The waveforms of the pream-
plifier outputs before and after trimming are shown in Fig. 8.
The quadrature error is a sinusoidal wave signal. When it
is suppressed to a small value, the square-wave signal in the
output emerges with the same wave form as that of the driving
signal. It is the in-phase error, especially capacitive coupling

error. Another cause for in-phase errors is the damping er-
ror, which induces cxy in Eq. (5), when the gyroscope works
in an open-air environment. It can be neglected because of
the high Q factor of the quartz resonator. Figure 9 shows the
relations between these signals. U stands for the output, Ua

is the angular rate signal and Ua = 0 in the trimming pro-
cess, Uin is the in-phase error, Uq is the quadrature error, and
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Fig. 8. Outputs of the preamplifier (a) before and (b) after laser trimming.
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|U | = [U2
q + (Uin +Ua)

2]1/2. When Uq decreases, Uin is the
main source of the errors, so the amplitude of output U is not
reduced to the lowest point as shown by the simulation results.

Allan variance graphs before and after trimming are
shown in Fig. 10. The performances are presented in Table 1.
Frequency difference and scale factor change a little, because
the quantity of mass changes is too small to have crucial effect
on the motions of drive beams and sense beams. The scale
factor is also influenced by the gain of the amplifier, when the
quadrature error is so large that the amplifier becomes satu-
rated. Nonlinearity, ARW, and bias instability are influenced
significantly by the quadrature error. They are improved by
1.18%, 1.5 times, and 7.7 times, respectively. This is a result
of reducing influences on sense beams by quadrature errors.
Larger phase error is induced in the phase-sensitive demodula-
tor which affects the linearity of the output, when the quadra-
ture error is higher. Meanwhile, more extra noises are also
injected to the detect circuit, affecting the ARW. In addition,
the drift of the quadrature error causes the zero output to be
instable, leading to a high bias instability. Therefore, the per-
formance is improved as the quadrature error is suppressed.
However, the ARW and bias instability are still high, which
can be suppressed further through digital circuits.
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Fig. 9. Relationship between the angular rate signal and errors.
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Fig. 10. (color online) Allan variance graphs before and after laser trim-
ming.

Table 1. Performance parameters before and after trimming.

Performance parameters Before trimming After trimming
Scale factor/mV/( ˚ /s) 17.5 19.8
Frequency difference/Hz 162 165
Nonlinearity/% 1.48 0.30
Bias instability/( ˚ /h) 197.6 25.4
ARW/( ˚ /

√
h) 2.19 1.42

6. Conclusions
In this paper, we present the compensation of the mechan-

ical quadrature error for a quartz double-H tuning fork gyro-
scope at the quartz level. This structure has high sensitivity,
leading to high quadrature error. The theory of the double-H
gyroscope is analyzed and the finite element method is used to
simulate the mass trimming process. A femtosecond laser pro-
cessing system is used to trim the quartz tuning fork, and the
mechanical quadrature error is reduced by 96%, from 26.3◦

s−1 to 1.1◦ s−1. The experimental results are basically consis-
tent with the simulation ones. The performance is improved
after the quadrature error is suppressed through laser trim-
ming. Nonlinearity changes from 1.48% to 0.30%, ARW is
reduced from 2.19◦ h−1/2 to 1.42◦ h−1/2, and the bias instabil-
ity is improved by a factor of 7.7.

There still exist in-phase errors, especially capacitive cou-
pling errors, which should be identified and eliminated. In ad-
dition, the laser processing system can be improved to be more
efficient and accurate to suppress the quadrature error. The cir-
cuit will be digitalized to reduce the ARW and bias instability
further in our future work.
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