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Abstract: A new simple interface circuit for quartz vibrating gyroscope
(QVQG) driven by sine-wave is presented in this paper. The interface circuit is
composed of self-excited loop of driving circuit and detecting circuit. A new
multiplier is designed to achieve the controlling to drive signal. The usage of
new multiplier realizes the nonlinear adjustment to the amplitude of feedback
drive signal. Consequently, the requirement of rapid oscillation, low har-
monic and high stability is also achieved. The interface circuit is fabricated in
a 0.5 um CMOS process and the test results show that the start time of drive
signal is less than 2ms. The drive signal frequency stability can reach to
0.084% (1-sigma) and the harmonic distortion is about 1.056%. The output
noise of Quartz Vibrating Gyroscope is 0.00023°/s/ \/ Hz at 3 Hz and non-
linearity is about 107 ppm. The bandwidth is more than 60 Hz. Meanwhile,
the short stability (1-sigma) is 2.1°/hr, the angular random walk (ARW) and
bias drift are 0.01388°/\/hr and 0.16°/hr respectively.
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1 Introduction

Quartz vibrating gyroscopes are acknowledged inertial sensors that have been used
in various civil and military applications due to the low power consumption, batch
fabrication, adequate stability and reliability. Also it is favored by automobile
industry, medication and electronics owing to its low costs in mass production
[1, 2]. These characteristics have attracted many leading corporations in areas of
navigation guided weapons and exploration throughout the world, such as BEI,
ADI, ROCKWELL, Nihon Dempa Kogyo and Atlantic Inertial Systems [3, 4, 5,
6, 7]. The quartz element consists of three parts: a driving fork, a detection fork and
a sporting beam. The driving fork is driven by driving signal to vibrate in simple
harmonic state which is generated by piezoelectric effect of quartz crystal. When
there is an angular rate along the driving fork presents a vibration as a result of
Coriolis force. The vibration is at the frequency of drive signal and its magnitude
is proportional to the input angular rate. The vibration can be transferred to the
detection fork by mechanical coupling. There are charges on the electrode produced
by anti-piezoelectric effect which are then collected by the detection fork. The input
angular rate can be detected by this process [8].

2 Proposed architecture of interface circuit

Most interface circuit of quartz vibrating gyroscopes is driven by square-wave.
However, the phase noise which is caused by current injection in drive signal will
greatly reduce the stability of quartz vibrating gyroscope. From the linearity time
varying model of oscillator phase noise proposed by Ali Hajimiri [9], the phase
noise of square-wave drive signal caused by the harmonics of drive signal and the
component nearby Aw to the harmonics frequency can be expressed as:

L,c,sinAwt  I,c, sin(2nwy + Aw)t
Cd VdoAa) 2Cd VdoAa)

Which 7, is the injection current, Cy is the equivalent capacitance of driven state,

o(t) = , (1)

V4o is the maximum voltage of Cy, ¢, is the coefficient of the current impact
sensitivity function in the driven circuit at driven frequency. The method that is
driven by sine-wave which generates lower harmonic is a solution to decrease the
influence of phase noise, but the slow oscillation limits the usage of this project.
This paper proposes a new interface circuit based on a new model nonlinear
multiplier. It ensures the low harmonic as well as the rapid oscillation. Fig. 1
shows the new interface circuit architecture proposed by this research of QVG
self-excited drive loop used nonlinear multiplier and detecting circuit. The driven
loop is composed of trans-impedance amplifier (E1), peak value detector (E2), PI
controller (E3) and nonlinear multiplier (E4). When the circuit is powered on, the
output of driving fork is small and the output of E3 which is related to V. is at
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negative low voltage. The multiplier operated in nonlinear region this moment. A
square-wave drive signal that is controlled by PI and multiplier is generated to
maximize driven feedback force. With the amplitude of driving fork output signal
increased, the output of driving fork is enlarged and the output of E3 decreased.
The multiplier works in linear region, and loop circuit finally reaches to dynamic
stability. And the drive signal is sine-wave now. The principle of nonlinear multi-
plier will be introduced in Part 3.
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Fig. 1. The interface circuit architecture of QVG

The detecting signal flowed from detection fork is sampled and amplified by
charge sensing amplifier (E5) and proportion amplifier (E6). Afterwards, the signal
is synchronous demodulated by the signal output from driving circuit and filtered
by a low pass filter.

3 Technology realization

The new multiplier is shown in Fig. 2. ‘Control’ is settled according to output dc
voltage, “Vou1’ 1s connected to the dc output of PI controller (E3), ‘Voug’ is
connected to the ac output of trans-impedance amplifier, ‘Vqy 2’ is inverted to
“Vous’- The working stage of it can be described as two states. The first state is
nonlinear state, and in this state, ‘Vqy  is so large that the branch composed by M2
and M9 can be considered as open circuit. The OPA Al is operated in the open loop
state and the output of multiplier ', will be saturation.
The output V,_ can be expressed as:

Vie = AVou— = Ala1Rs, 2
And I;; can be written as follow:
Iy =1/2gu(Viss — Vi), 3)
So the output V,_ can be rewritten as:
Vie=1/24gun(Viss — Vrn), “4)

Which A is the open-loop gain of OPA Al.

The waveform of output V,_ is similar to a square-wave. Feedback square-
wave drive signal is large enough to achieve the destination of rapid oscillation.
With the decrease of ‘Vy’, the branch that consists of M2 and M9 will be under
conducting state. At this point the multiplier is in the linear state.
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Fig. 2. The circuit of new multiplier

The second state that the QVG has been oscillated can be explained as follow:

M1 is set to work on the linearity region. The trans-conductance g9 of M10
which can be written as g,,10 = B/R is related to the resistance of M1, B is the
proportionality factor and the resistance of M1 can be written as:

1 1
RMI = = B (5)

w w
,ucoxf(VGS - VTH) ,ucoxf(VDD - Vcontrol)

From equation (5), we can find that the resistance of M1 can be expressed by
Veontrol- SO the trans-conductance of M10 g,,10 can be controlled by V,puoi. The
W/L of M1, M2 and the W/L of M10, M9 are the same, so /;; is equal to /;,. And
41 can be represented as:

Ly = Vous€m1o (6)
I4» can be described as:
Id2 = Vf_gmg (7)
From (6) and (7):
Vout8gm10 = Vf—gm9 (8)

Equation (8) can be rewritten as:

Vf_ — VouthmIO — VoutSBl /RmIO (9)
8m9 gm9B 1 /Rm9

Replacing the R,,19 and R,9 in (9) with (5), the V,,,— is changed to:

VoutS(VDD - Vautl— - VTH)
Ve = (10)
4 (VDD - Vcontrol - VTH )

From equation (10), the V,_ equals to the product of V,,s and V1, and the
multiplier is achieved by the circuit. A sine-wave will be observed in the output of
multiplier at this state.

Moreover, the right side circuit composed of M4, M5, M7, M8 is symmetrical
to the left side circuit composed of M1, M2, M9, M10. Only the input V> is
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inverted to the input Vg of the left branch. Because the input is reversed, the
coefficient of even order harmonics is reversed too. The even harmonics are further
cancelled by making subtraction between Vy_ and V.. A high linearity and stable
oscillation is established in the second state and a sine-waveform will be observed
in the output of multiplier that is the subtraction between Vy_ and V..

4 Experimental results

The chip has been fabricated in a standard 0.5 m two-metal two-poly n-well CMOS
process. The chip micrograph of the complete interface IC is shown in Fig. 3(a).
The interface combined with the sensor element is powered by =5V power supply.
The nonlinearity is about 107 ppm as is shown in Fig. 3(b) and the scale factor is
20mV/°/s. The noise curve is shown in Fig. 3(c), the output noise is 4.7 uV//Hz
which is about 0.00023°/s/,/Hz at 3Hz. The bandwidth is more than 60 Hz.
Meanwhile, from the Allen Variance stability curve as shown in Fig. 3(d), the
angular random walk (ARW) and bias drift are 0.01388°/,/hr and 0.16°/hr
respectively. The test result of output waveform from driving fork is shown in
Fig. 4. Fig. 4(a) describes the process from the starting of oscillation driven by
square-wave to the stable state driven by sine-wave, and the Fig. 4(b) and (c)
exhibit the square-wave drive signal in the initial stage and sine-wave drive signal
in the stable stage. From Fig. 4, we can observe that the starting time of oscillation
can be less than 2 s. The frequency stability can reach to 0.084% and the harmonic
distortion is about 1.056%. The comparison of this work with QRS11 and QRS116
produced by BEI which is a world’s leading cooperation in the QVG interface
circuit filed is listed in Table I. Also comparison with Si gyroscope [10] which is
published in 2015 with high performance is listed in Table I too.
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Fig. 3. (a) The chip micrograph of the complete interface IC. (b) The
linearity curve of QVR. (¢) The output noise curve. (d) The
Allen Variance stability curve.
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Fig. 4. The output waveform from detecting fork

Table I. Comparison of the this work with reported sensors

Parameter QRSI11 QRS116 [10] This work
ARW / / 0.067°//hr| 0.01388°/./hr
Bias Instability / / 0.5°/hr 0.16°/hr
Nonlinearity 0.05% 0.05% / 0.0107%
Short Stability(1-sigma) 36°/hr 3°/hr 4.9°/hr 2.1°/hr
Output noise <0.01°/s/4/Hz|<0.002°/s/,/Hz / 0.00023°/s/./Hz

5 Conclusions

A new high performance interface circuit which includes a new nonlinear multiplier
for QVR is proposed in this paper. The multiplier achieves the nonlinear control to
the drive signal and the overall system fulfills the requirement of rapid oscillation,
low harmonic and high stability. The test results show the start time of drive signal
is less than 2ms. The drive signal frequency stability can reach to 0.084%
(1-sigma) and the harmonic distortion is about 1.056%. The output noise of Quartz
Vibrating Gyroscope is 0.00023°/s/./Hz at 3Hz and nonlinearity is about
107 ppm. The bandwidth is more than 60 Hz. Meanwhile, the short stability
(1-sigma) is 2.1°/hr, the angular random walk (ARW) and bias drift are
0.01388°/.,/hr and 0.16°/hr respectively.
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