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The noise signal in the gyroscope is divided into four levels: sampling frequency level, device bandwidth frequency level, resonant frequency 
level, and carrier frequency level. In this paper, the signal in the dual-mass MEMS gyroscope is analyzed. Based on the variational mode 
decomposition (VMD) algorithm, a novel dual-mass MEMS gyroscope noise reduction method is proposed. The VMD method with different 
four-level center frequencies is used to process the original output signal of the MEMS gyroscope, and the results are analyzed by the Allan 
analysis of variance, which shows that the ARW of the gyroscope is increased from 1.998*10-1°/√h to 1.552*10-4°/√h, BS increased from 
2.5261°/h to 0.0093°/h. 
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1.  INTRODUCTION 

The MEMS gyroscope has advantages in small size, light 
weight, low cost, low power consumption and high reliability, 
and is suitable for small navigation systems [1]-[9] . With the 
development of modern science and technology and needs, 
the accuracy of MEMS gyroscope measurement requirements 
is getting higher and higher [10], [11]. However, temperature, 
vibration, space constraints and other factors will affect the 
gyroscope accuracy, so data processing methods are 
employed to improve gyroscope accuracy. In work [3], a 
temperature compensation method for MEMS gyroscope is 
investigated based on TFPF-MEA-BP (time frequency peak 
filter, mind evolutionary algorithm, and BP neural network) 
and the precision of the gyroscope is improved by three orders 
of magnitude. Reference [12] developed a nonlinear 
complementary filtering algorithm that provides gyro bias 
estimation and better estimation results. Both numerical 
simulation and practical experiments verify the effectiveness 
of the proposed method. The results show that the denoising 
performance of SEEMD-TFPF (sample entropy empirical 
mode decomposition and time-frequency peak filtering) is 
better than the TFPF method of traditional wavelet Kalman 
filter and fixed window length in [13]. Work [14] proposed a 
method to reduce MEMS gyroscope noise by using wavelet 
filter and CPSO (Chaos Particle Swarm Optimization). A GA 

(genetic algorithm) based Elman neural network was 
introduced in work [15] to establish the temperature drift 
model of the MEMS gyroscope, and the experimental results 
showed the effectiveness of the proposed GA-Elman based 
method. Another MEMS gyroscope temperature 
compensation method based on RBF and NN-GA-KF was 
proposed in [16], and a three axes MEMS gyroscope achieved 
a better solution during wide temperature range. A parallel 
processing algorithm of temperature and noise error for the 
MEMS gyroscope was proposed in literature [17], and the 
results showed the noising level was clearly improved. 
Kalman filter (KF) is a representative algorithm for 
gyroscope denoising for practical inertial navigation and 
integrated navigation application [18], however, the filter 
models and noise characteristics will influence the 
performance easily [19]. The literature [20] describes the 
architecture and experimental verification of the automatic 
pattern matching system using the phase relationship between 
the residual quadrature and driving the signal in the 
gyroscope to achieve and maintain the matching resonant 
mode frequency, the experimental results show that the bias 
instability of the MEMS under study and the ARW 
performance gyroscope are improved. Work [21] applied the 
VMD method to reduce the noise of a MEMS high-G shock 
accelerometer, and excellent denoising effect was obtained. 
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Therefore, this paper employs the VMD algorithm, in 
combination with the different signal frequency 
characteristics of the MEMS gyroscope to adjust the 
corresponding bandwidth constraints, study the relationship 
between the attenuation of the useful signal of each MEMS 
gyroscope band, then the correctness of the method is verified 
by the Allan variance. 

 
2.  MEMS GYROSCOPE INTRODUCTION 

A.  MEMS gyroscope structure 

The MEMS gyroscope employed in this paper is dual-mass 
and decoupled style, which utilizes capacitance detection and 
electrostatic drive method. The mechanical model of MEMS 
gyroscope structure is shown in Fig.1., and its first four 
resonant modes with their frequency parameters are shown in 
Fig.2. The sensing anti-phase mode (3rd mode) and drive 
anti-phase mode (4th mode) are the working modes of the 
MEMS gyroscope. 
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Fig.1.  Mechanical model of MEMS gyroscope structure. 

The gyroscope structure is formed by left and right parts, 
the two parts are connected by two connect springs. The left 
and right Coriolis mass are supported by 2 drive and 4 sense 
springs, respectively. The whole architecture is suspended by 
8 drive and 4 sense springs and the springs are linked to six 
anchors. 

 

 

 
 
Fig.2.  a) Drive in phase mode (1st mode), ωx1=2623×2π rad/s; 
b) Sensing in phase mode (2nd mode), ωy1=3342×2π rad/s;  
c) Sensing anti-phase mode (3rd mode), ωy2=3468×2π rad/s; 
d) Drive anti-phase mode (4th mode), ωx2=3484×2π rad/s. 
 
B.  MEMS gyroscope movement equation  

The structure motion equation can be expressed as in 
equation (1)[22], where, mx, my, and mc are drive mode mass, 
sense mode mass, and Coriolis mass; x, y1, and y2 are drive 
mode displacement, sense in-phase mode displacement, and 
anti-phase mode displacement; Qx2, Qy1, and Qy2 are the 
quality factors of drive mode, sense in-phase, and anti-phase 
modes, respectively; Ωz is angular rate input; my≈mc; Fd and 
ωd are stimulating magnitude and frequency of drive mode; 
sense mode displacement y = y1 + y2, and usually ωd  = ωx2. 
And because the Coriolis force is generated by the movement 
of the drive mode, the force is applied equally both in sense 
in-phase and sense anti-phase modes. Then, the structure 
mechanical sensitivity is shown in equation (2), and the 
frequency difference is a key element: 
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C.  MEMS gyroscope monitoring system 

The MEMS gyroscope monitoring system contains three 
loops: drive loop, sense loop, and feedback loop, which are 
shown in Fig.3. In drive closed loop, the displacement of 
drive frame x(t) is detected by drive sensing combs and 
picked up by a differential amplifier. Then, the phase of the 
signal is delayed by 90º to satisfy the phase requirement of 
AC drive signal VdacSin(ωdt). After that, the amplitude of this 
signal is picked up and is compared with Vref. Next, drive 
closed loop PI controller generates the control signal, which 
is modulated by VdacSin(ωdt), and then the signal is 
superposed by VDC to stimulation drive mode.  

In sense loop, the left and right Coriolis masses’ movement 
signals are detected and output. Then the signal is enlarged 
and generates the sense mode movement signal, which is 
demodulated by signal VdacSin(ωdt) and passes through the 
low pass filter and forms the sense feedback signal. And the 
controller is employed to calculate the control signal and 
made as the gyroscope output signal, which is modulated with 
VdacSin(ωdt) to form the AC feedback signal. Finally, DC 
voltage VFDC is superposed with the AC feedback signal to 
generate the final feedback signal.  

 

 
 

Fig.3.  MEMS gyroscope monitoring system. 
 

The MEMS gyroscope structure and prototype photos are 
shown in Fig.4. The signal in monitoring system can be 
divided into four levels:  the sampling signal (sampling 
frequency, 1 Hz, ① in Fig.3.), the bandwidth signal 
(bandwidth frequency, 100 Hz, ② in Fig.3.), the resonance 

signal (resonant frequency, 3.468 kHz, ③ in Fig.3.), and the 
carrier signal (carrier frequency, 10 MHz, ④ in Fig.3.) [23], 
[24]. 

 
 

Fig.4.  MEMS gyroscope structure and prototype photo. 
 
 

3.  VMD DENOISING METHOD 

VMD is a new method of adaptive signal processing that 
decomposes a signal into an intrinsic mode function of 
different frequencies. The VMD decomposition process is to 
compute the bandwidth of narrow-band components as 
follows [25], [26]: 
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where, {uk}={u1,…, uK } and {ωk}={ω1,…, ωK } are the set 
and center frequencies of all mode components, δ(t) is Dirac 
distribution function, f is the original signal. The Lagrangian 
multiplier λ and a quadratic penalty term α can be used to 
convert (3) into an unconstrained optimization problem as 
follows:  
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The estimation of narrow-band components in frequency-

domain and their center frequencies can be expressed as:  
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The VMD algorithm can be summarized in the following 

steps: 
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a) Initialization parameters  1 1 1ˆˆ ˆ, , , 0k ku w n  ;  

b) n←n+1, Run the entire cycle; 

c) Execute the inner loop  k←k+1  until k = K , update uk(t): 

  1 1arg minL( , , , )
k

n n n n n
k i k i k i

u
u u u   

  ; 

d) Execute the inner loop  k←k+1  until k = K , update wk(t): 

  1 1 1arg minL( , , , )
k

n n n n n
k i i k i k

w

w u w w   
  ; 

e) Perform a dual ascent for all 0  , and obtain  1ˆn   

as:        1 1ˆˆ ˆ ˆ( )n n n
kk

f u          ; 

f) Repeat step b)-e) and until 
2 21

2 2
ˆ ˆ ˆ( / )n n n

k k kk
u u u     

is satisfied; 

g) Stop all loops and output the result, and then get K narrow-
band IMF component. 

 

 
Fig.5.  Experiment platform. 

 
4.  EXPERIMENT AND RESULTS 

A.  Experiment plant form 

The experiment plant form includes temperature oven 
turntable which provides the MEMS gyroscope with stable 
temperature and the static movement (Ωz = 0) testing 
environment. The power supply is ± 10 V (with digital power 
Agilent E3631A), and the output signal is picked up by both 
multimeter (with Agilent 34401A) and oscilloscope (with 
Agilent DSO7104B). The signal generator is employed to 
debug the monitoring system. The experiment plant form is 
shown in Fig.5. 

The original data and the denoising results are shown in 
Fig.6., where black refers to the original output signal, blue 
refers to the output signal of the sampling bandwidth limit, 
green refers to the output signal of the bandwidth signal 
limitation, yellow refers to the output signal of the resonance 
bandwidth limitation, and red refers to the output signal of the 
carrier bandwidth limit. It is obvious that the carrier 
frequency level denoising method achieves better results. 

Then the Allan variance analysis of denoising results is 
shown in Fig.7., the bias instability (BS) and angular random 
walk (ARW) of four frequency levels are shown in Table 1. 

 

 
 

 
 

 
 

 
 

 
 

Fig.6.  Comparisons of denoising results. 
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Table 1.  Allan variance analysis of denoising results. 
 

DATA 
Bias Stability 

[°/h] 
Improve 

[%] 
Angular Radom 
 Walking [°/√h] 

Improve 
[%] 

OS 2.5261 - 1.998*10-1 - 
SFDS 2.3632 6.45 1.581*10-1 20.87 
BFDS 0.9321 63.10 1.554*10-2 92.22 
RFDS 0.0866 96.57 1.443*10-3 99.28 
CFDS 0.0093 99.63 1.552*10-4 99.92 

 

 
 

Fig.7.  Allan variance analysis of denoising results. 
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Fig.8.  Bias Stability of denoising results. 
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Fig.9.  Angular Radom Walking of denoising results. 

5.  CONCLUSION 

In this study, the VMD algorithm was used in combination 
with the bandwidth characteristics of the MEMS gyroscope 
to adjust the corresponding bandwidth limitation. The 
relationship between the attenuation of each useful signal of 
the MEMS gyroscope is studied and verified by the Allan 
variance. The experimental results show that the MEMS 
gyroscope has the highest attenuation of the output signal and 
the carrier signal, and the ARW of the gyroscope improves 
from 1.998*10-1°/√h to 1.552*10-4°/√h, the BS improves 
from 2.5261°/h to 0.0093°/h, respectively. This method is 
helpful to the practical application of MEMS inertial sensors. 
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