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LIFETIME PREDICTION METHOD FOR MEMS GYROSCOPE BASED ON

ACCELERATED DEGRADATIONTEST AND ACCELERATION FACTOR MODEL

METODA PROGNOZOWANIA CZASU PRACY ZYROSKOPU MEMS
NA PODSTAWIETESTU PRZYSPIESZONEJ DEGRADACJI
| MODELU WSPOLCZYNNIKA PRZYSPIESZENIA

The reliability analysis of MEMS gyroscope under long-term operating condition has become an urgent requirement with the
enlargement of its application scope and the requirement of good durability. In this study we propose a lifetime prediction method
Jor MEMS gyroscope based on accelerated degradation tests (ADT%) and acceleration factor model. Firstly, the degradation
characteristic (bias instability) is extracted based on Allan variance. The effect of temperature stress on the degradation rate
of bias instability is analyzed, and it shows that the degradation rate of bias instability would increase with the increase of the
temperature. Secondly, the ADTs of MEMS gyroscope are designed and conducted, the degradation model of MEMS gyroscope is
established based on the output voltage of MEMS gyroscope and Allan variance. Finally, the acceleration factor model of MEMS
gyroscope under temperature stress is derived, and the lifetime of the MEMS gyroscope is predicted based on two group tests data
under high stress level. The results show that the lifetime calculated by the acceleration factor model and mean lifetime under high
stress levels is close to the mean lifetime calculated by the linear equation at normal temperature stress.

Keywords: MEMS gyroscope, temperature stress, accelerated degradation test, acceleration factor model, Al-
lan variance.

Analiza niezawodnosci Zyroskopu MEMS w warunkach dtugotrwalej pracy stata sie pilng koniecznoscig wraz z rozszerzeniem
zakresu jego zastosowania i wprowadzeniem wymogu dobrej trwatoSci. W niniejszym artykule, zaproponowano metode prognozo-
wania czasu pracy zyroskopu MEMS w oparciu o testy przyspieszonej degradacji i model wspotczynnika przyspieszenia. W pierw-
szej kolejnosci, wyznaczono charakterystvke degradacji (niestabilnos¢ wskazan) na podstawie wariancji Allana. Analizowano
wphyw naprezenia cieplnego na szybkos¢ degradacji w zakresie niestabilnosci wskazan. Analiza wykazalta, ze szybkos¢ degradacji
wzrastala wraz ze wzrostem temperatury. Nastgpnie, opracowano i przeprowadzono testy przyspieszonej degradacji zyroskopu
MEMS, a model jego degradacji ustalono na podstawie napiecia wyjsciowego zyroskopu i wariancji Allana. Na koniec, wypro-
wadzono model wspolczynnika przyspieszenia dla zyroskopu MEMS w warunkach naprezenia cieplnego, a Zywotnosé zyroskopu
prognozowano na podstawie danych z dwoch testow grupowych przeprowadzonych w warunkach wysokiego naprezenia. Wyniki
pokazujq, ze czas pracy obliczony na podstawie modelu wspolczynnika przyspieszenia i Sredni czas pracy przy wysokich pozio-
mach naprezen sq zblizone do Sredniego czasu pracy obliczonego na podstawie rownania liniowego przy normalnym naprezeniu
cieplnym.
Stowa kluczowe: zyroskop MEMS, naprezenie cieplne, test przyspieszonej degradacji, model wspotczynnika
przyspieszenia, wariancja Allana.

1. Introduction

MEMS gyroscopes, due to its lower mass, lower power consump-
tion, and smaller volume, have become one of the most promising
inertial components, widely used in commercial, military and other
fields [13], such as inertial navigation devices, portable electronic
products and so on. However, MEMS gyroscopes often undergo high
temperature condition, and physical properties of silicon materials
would be significantly affected by temperature. How to predict the
lifetime of the MEMS gyroscope has become an urgent problem to be
solved in engineering [32].

Accelerated degradation test (ADT) collects performance degra-
dation data of products at accelerated stress levels, and uses these data
to extrapolate reliability and lifetime of products for the use condi-
tions [20, 23, 33, 34]. Mulloni studied the lifetime prediction of RF-
MEMS switches based on ADT [22]. The reliable lifetime of the smart
electricity meter was predicted by an accelerated degradation test and
degradation model [17, 35]. Wang [33] made a research on the life-
time prediction of self-lubricating spherical plain bearings based on
the ADT. An ADT of light bars was tested under different stresses, and
a response model based on an inverse power (exponential) law for the
failure time under different stresses was then calculated to predict the
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lifetime under operating conditions [10]. A progressive-stress acceler-
ated degradation test with a non-linear degradation path was proposed
to obtain timely information of the product's lifetime distribution for
highly reliable products [6]. Chen studied the accelerated degradation
reliability modeling and test data statistical analysis of aerospace
electrical connector [5]. Lifetime prediction technology based on
ADT has become an inevitable requirement for reliability prediction
of MEMS gyroscopes under time and cost constraints [4, 31].

The selection of accelerated stress is the first step in the imple-
mentation of ADT. Many scholars have studied the effect of tempera-
ture on the performance of MEMS device. Jin-Won Joo studied the
global and local deformations of packages caused by temperature, and
studied the influence of temperature on frequency shift of MEMS gy-
roscope [15]. Chun-Lin Lu analyzed the thermal stress for a CMOS-
MEMS microphone with various metallization and materials [8].
Saeedivahdat et al. studied the effect of thermal stress on frequency
response for a diaphragm in MEMS microphone by numerical model
[29]. Therefore, temperature stress may be the most likely accelerated
stress of MEMS gyroscope in ADTs.

Extraction of degradation characteristic is the key step to establish
degradation model [25, 30]. There are many noise terms in the output
voltage of MEMS gyroscope due to its working principle and process-
ing technology, which makes the extraction of the effective degrada-
tion characteristics more complicated. Many scholars have studied the
noise terms by power spectral density (PSD), time domain analysis
methods (autocorrelation function, Gauss Markov process and autore-
gressive model) and the Kalman filter method. However, these meth-
ods have their own inherent shortcomings [16, 19, 36].

Allan variance is an important means to analyze the random noise
characteristics of gyroscope, including laser gyroscope, fiber optic
gyroscope and MEMS gyroscope. The method is a time domain
analysis method proposed by the American National Bureau
of Standards, which has been an IEEE standard method for
parameter analysis of gyroscopes [9]. Allan variance usually
describe the noise of gyroscope as several stochastic character-
istics: quantization noise, angular random walk, bias instability,
rate random walk and rate ramp. Some stochastic characteris-
tics often directly reflect the performance of gyroscope, such as
angular random walk and bias instability [1-3].

Many scholars have studied the performance of laser gyro-
scope and fiber optic gyroscope based on Allan variance. Law-
rence analyzed the performance of ring laser gyroscope based
on Allan variance [18]. Pin analyzed the noise characteristics
of fiber optic gyroscope based on weighted least squares al-
gorithm and Allan variance [26]. Grantham ana-
lyzed the random error of inertial sensors us-
ing Allan variance [11]. Chikovani evaluated
the performance of laser gyroscopes, and fiber
optic gyroscopes from different countries based

2. Theory

2.1. Structure and operating principle of MEMS gyroscope

Almost all MEMS gyroscope use vibrating mechanical elements
to sense rotation, “’Butterfly”” MEMS gyroscope is a typical vibrating
MEMS gyroscope based on the Coriolis effect [14]. As shown in Fig-
urel, it has a four-mass full-differential structure with high sensitivity,
good linearity and low cost, and is widely used in commercial fields.

"Butterfly" MEMS gyroscope mainly contains the circuit board
and the vacuum packaged resonator, as shown in Figure 1(a). The
image of resonator is shown in Figure 1(b), which consists of a single
crystal silicon structure and a Pyrex glass base with patterned elec-
trodes [14]. The silicon structure is manufactured by anisotropic wet
etching process, which mainly includes four proof masses, a slanted
suspension beam, and four trapezoidal cantilever beams, as shown
in Figure 2(a). The excitation electrodes and detection electrodes are
fabricated on Pyrex glass base under the proof mass, as shown in Fig-
ure 2(b), and it is connected with silicon structure by anodic bonding
to form driving capacitance and detecting capacitance. The cross sec-
tion of the slanted suspension beam (A-A) is composed of (100) and
(111) crystal planes with an angle of 54.74°, as shown in Figure 2(c).

The slanted beam with an asymmetric cross section so that vertical
electrostatic forces bend the beams both vertically and horizontally, as
shown in Figure 2(c). The excitation mode is the flexural vibration
of the slanted beam; the detection mode is the torsional vibration of
the slanted beam. The excitation mode and the detection mode are
two perpendicular degenerate modes of the axially symmetric elastic
body. There will be a sinusoidal oscillation in detection axis direction
due to the Coriolis Effect when an angular rate inputs.

Vacuum packaged resonator

Circuit board

(a) MEMS gyroscope (b) Unpackaged resonator

Fig. 1. EG136A4 type MEMS gyroscope , which consists of the circuit board and the vacu-
um packaged resonator

Glass substrate Silicon structure

on Allan variance [7]. However, the research 1
on performance study of MEMS gyroscope is
limited.

The rest of this document is organized as
follows. In Section 2, we extract the degrada-
tion characteristic (bias instability) of MEMS
gyroscope based on Allan variance, and ana-
lyze the effect of temperature stress on the deg-
radation rate of bias instability. In Section 3, a
universal lifetime prediction method of MEMS
gyroscope is proposed. In Section 4, a case
study is provided to illustrate the application

(F¥]

Slanted beam

Proof mass

Excitation
clectrode
Detection
clectrode

and utility of the proposed method. Finally, the
conclusions are presented in Section 5.

(b) ()

Fig. 2 Silicon structure and the electrode layout of *’Butterfly” MEMS gyroscope
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Electrostatic force from the excitation electrodes makes the four
proof masses vibrate with stable amplitude and phase on its resonant
frequency by automatic gain control methods. There will be an oscil-
lation in detection axis (Z direction) due to the Coriolis Effect if there
is an angular rate in the sensitive axis (Y direction), which reflects the
value of the input angular rate.

2.2. The principle of Allan variance

Allan Variance is a method of describing the root mean square of
random drift error. Sampling the angular rate of MEMS gyroscope
with sampling time 7;, and the total sample size is M. Then m (m=r,
27y, ..., M/27;]) data points are made as one cluster, so we can get
J=[M/m] clusters, where [x] represents the floor of x. J is the number
of sampled groups. The time of each group =mr, is the correlation
time, and the average value of the defined angular rate can be expres-
sed as:

_ 1 & M
Wk (m): ;;W(k—l)mﬂ k=12, l:?:l ey

The Allan variance defined by the angular rate can be expressed
as:

LS i (), ()] @

IR )=

o’ (r)

where (y) represents the average of y.

Allan variance can usually subdivide the random noise charac-
teristics of the inertial device (MEMS gyroscope) into five typical
characteristics, namely quantization noise, angular random walk, bias
instability, and rate random walk and rate ramp. It can be expressed
as [28]:

O'é :3Q2/1'2

0']2\, =N2/r

o3 =2In2/x B? (3)
0',2( :KZ‘L'/3

0'}23 =R212/2

where Q is a random drift caused by quantization noise. The initial
output of the inertial sensor is analog data, which is quantized into
digital data for calculation, thus quantization noise is generated at the
output of the inertia device [26]. N is the white noise generated during
the measurement process, which appears as an angular random walk
at the output of the MEMS gyro and belongs to high frequency noise
[19]. B, is a random drift caused by bias instability, which is a kind of
low-frequency noise generated by the sensor electronic components
or the surrounding environment [26]. x is a random drift caused by
random walk. The source of this error is still unclear. R is the ran-
dom drift caused by the rate ramp, which is caused by the monotonic
change of the sensor for a long time [26].

It is generally considered that five typical characteristics are inde-
pendent of each other, so the total variance can be expressed as [24]:

Y=XB+e (4)

where:

2
2 2 30
o] LT T N N2 W
2 2 1 1 2
o T T 1 75 7t wy
Y=|"7,x=2 7 2 2 B=|(2mn2/zB,)" | and, e=|
: : 5 :
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0'31 rm2 rml 1 ‘r,ln ‘r,i ;42 Win
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Five unknown parameters Q, N, B, k , R can be obtained by the
least squares algorithm:

B :(XTX)_I xTy ©)

2.3. The effect of temperature stress on the degradation rate
of bias instability

Bias instability of MEMS gyroscope in a certain period of time
can be calculated by Allan variance. In order to characterize the de-
gradation characteristic changing with time, we calculate the bias in-
stability using daily data, so the bias instability in D days are B; , BS2
ey BSD respectively.

The five characteristics of the MEMS gyroscope under long-term
operation (D days) can be expressed as:

-1
B, = (XTX) xTy,  (t=1,23,..D) (7
where:
307
2 2 -1 12
Oy T 71 1 1 T Nt2
7! oo 1o o 2
L=l x L7 7| ad = (2m2/n ) | (®)
: : : - )
o2, o2 b1t 72 K /3
R}/)2
where ng is the calculated Allan variance of the #-th day. O, is the

quantization noise of the #-th day, &, is the angular random walk of the
t-th day, B; is the bias instability of the #-th day, x ,is the rate ramp of
the #-th day, and R, is the rate random walk of the ¢-th day.

Equation (7) can also be simplified as:

B, =AY, (t=1,2,3,..,D) ©9)

In order to study the bias instability B, in the vector f,, it assumed
that the elements of the third row in the matrix 4 are a3, as; ass_ a3y,
so equation (9) can be further simplified as:

2
Ol

02

2 2| 2 2 2
(2mn2/7 By(1)) = [“3,1#3,2,“3,3,“3,,»«] =a310;1 @320+ a3 07

2
Otm

(10)

The bias instability change with time can be expressed as (equ-
ation (11) is verified in Section 4.3):
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=B (t)=Kt+b (11)

where K is degradation rate of the bias instability, and b is the inter-
cept.

Substituting equation (11) into equation (10), equation (10) can

also be expressed as:

[0.6643B, (1) ] =[0.6643(Kt +b)[' =a3 1071 + a3 202 +++-+ 3 Oy

(12)
Partial derivatives for temperature in both sides of equation (12),

we can get:

0 a310'21+a320'22+ +a3 62
08826(Kt+b)61; (e300 E;T i) (13

Equations (7)-(9) show that the third row elements a3, as; as;_
a3, in matrix 4 are only related to the correlation time z, so the right
term of the equation (13) can be written as:

2 2 2
5(“3 1071+ 83209+ +4d3 ,0; m) o, o2, o, dc’,,
=ay o tayy = Ayt ay, —
or or or *or or
(14)

Substituting equation (2) into equation (14), equation (14) can be
expressed as:

962 962 dc? 962

1,1 1,2 t,3 t,m
+a32 +a33 +--~+a3m

orT = or 7 oT o or

ey Lm0 m O ap g [ W )-w )]
2-1)5 or 20-1)5 or
J10[ Wy (m) - (m) ]

a3,m z

2(U-1) g or

a3

(15)

The first term in equation (15) denotes the square of the difference
between adjacent arrays when the correlation time z=1. Substituting
equation (1) into the first item of equation (15), we can get:

ayy =10 Wiy (1) - (1)]2
20-1) A or

(16)
as | jf O wis1 - Wk]z

T2(U-nA or

It is assumed that all the parameters (electrical parameters and
structural parameters) of the MEMS gyroscope do not change dur-
ing the operating process, only the environment temperature changes
from 7 to TH+AT, resulting in the MEMS gyroscope’s output (angular
rate) changing from wy to wy., so equation (16) can be expressed as:

ay; o[ ()= ()]
2(‘]—1),(2231 : or :
a3, 210wy (T+AT)=w (T)]

2

2(-D)A or

amn

The second term in equation (15) denotes the square of the diffe-
rence between adjacent arrays when the correlation time 7=2. Substi-
tuting equation (1) into the first item of equation (15), we can get:

asy o[ Wy (2)- W (2)]2
2(J-1) 45 oT

2 (18)

12
Z Wok+i ~ EE Wa(k-1)+i

a3 <
2(J 1)% orT

Similarly, it is assumed that all the parameters (electrical pa-
rameters and structural parameters) of the MEMS gyroscope do not
change during the working process, only the environment temperature
changes from 7 to 7+AT, resulting in the MEMS gyroscope’s output
(angular rate) changing from wo; to Wy 1), S0 equation (18) can be
expressed as:

asy 0] Wiyt (2)- W (2)]2
2(J-1) 3 or

2 2 2 (19)
a5, J_la ZW2k+i (T+AT)_ZW2(1(*1)—H (T)
5 Z i=1 i=1

T8( - or

So the m-th term in equation (18) can be expressed as:

a5, Jz—l O Wear (m) - (m)]”

2(J-1)i5 or

2 (20
zwkm-H (T+AT) zw(k —D)m+i (T)

2m* (J - 1)k=1 ar

Substituting equation (17) equation (19) and equation (20) into
equation (15), we can get:

902 dc? o6 dc?
asq ;jzt:l +(l3,2 (;]t"'z +a3’3 g]t_:} +-~-+a3,m7(;;:m
2
_ @ L0 i (T +AT) - wi (T)]
2(U-1)i5 oT

2 2 2
v, L a{z Wi (T +AT)— sz(k,l)” (T)} 21
, Z i=1 i=1

222 (J-1)id oT

a{z v T 87 S l)mﬂ(T)}

az m i=1

+
2m? (J 1) 2 oT

g/

It can be known that the solution of partial derivative is independ-
ent of the value of k from equation (21), without a loss of generality,
let £ = 3, we prove that the partial derivative is greater than 0. The
proof process is as follows.

Let:
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m
x(T+AT):Zw3mH~(T+AT)

i=1

x(T)= éwmﬂ. ()

(22)

6x(T)
or

ow
due to — >0 [26], so:
>0 or [26]

o[x(T +AT)-x(T)[
oT

ax(T + AT)—@x(T) >0
ot

=2[x(T+AT)-x(T)]
(23)
So we can get:

2
a[ZwW (T +AT)=2 w21 (T) (24)
i=1 i=1 >0

oT

Because the correlation time 7 is positive, the third row elements
of matrix 4 are all positive, so:

0.8826/(K1 + b)Z—I; >0 (25)

Because the bias instability is larger than 0, so:

K >0 (26)
oT

It indicates that the degradation rate of bias instability would in-
crease with the increase of the temperature. So bias instability can be
the degradation characteristic of MEMS gyroscope, and the tempera-
ture can be the accelerated stress of MEMS gyroscope in ADTs.

3. A universal lifetime prediction method of MEMS
gyroscope

3.1. Model assumptions

The degradation of the product is affected by temperature stress.
The degradation process of the product can be accelerated by the tem-
perature stress higher than the use or storage conditions. In ADTs, the
stress level of the accelerated stress is L. The setting of stress level of
accelerated stress does not change the degradation mechanism of the
product, that is, the degradation mechanism of the product in ADTs is
consistent with that in normal use.

It is assumed that the theoretical degradation trajectory and accel-
erated degradation trajectory of the product satisfy the linear degrada-
tion model, which can be expressed as:

By (t|S))=Kit +by+eg, i=12, .M, j=1,2,..n k=12,...];
27

where By is the characteristic value (bias instability) of the 4-th
measurement of the j-th specimen under the i-th stress level, 7 is the
time, ¢ is the random measurement error, K; is the degradation rate
under the i-th stress level, and b; is the intercept under the i-th stress

level.

3.2. The description of the universal method for lifetime
prediction of MEMS gyroscope

On the basis of the above model assumptions, a universal method
for lifetime prediction of MEMS gyroscope is proposed, as shown in
Figure 3. Firstly, a long-term test platform for MEMS gyroscope is
constructed, and the ADT scheme is designed. The degradation cha-
racteristic (bias instability) of MEMS gyroscope is extracted based
on the output voltage of the MEMS gyroscope and Allan variance. In
order to characterize the degradation trend of MEMS gyroscope, we
propose the following steps:

Step 1, Convert the output voltage of the MEMS gyroscope to
angular rate in each day, and then calculate the root mean square value
of the angular rate in each day based on equation (2). Step 2, The bias
instability of MEMS gyroscope in every day can be calculated by the
least squares method, i.e. equation (6). Step 3, The degradation trend
of bias instability in D days can be obtained. Step 4, Fit the degrada-
tion trend of bias instability with linear function.

Then the degradation model of MEMS gyroscope can be establi-
shed. Because the accelerated stress in ADTs is temperature, so we
use Arrhenius model as the acceleration model [17, 27, 35], and the
degradation rate of the MEMS gyroscope can be expressed by:

dBét(t) =K =Aexp(—E/kyT) %)

where kj is the Boltzmann constant, which is 8.6171x10%eV/°C. T is
the Kelvin temperature with a unit of K, 4 is an unknown parameter
and FE is the activation energy.

Taking the natural logarithm on both sides of equation (28) results
in:

B
In [d;(’)J =lnAd-E/kT (29)
t

So, the activation energy E can be expressed as:

)

t

E=byt 2 (30)
T

Integrating on the both two sides of equation (28) results in:

[ d(B,)=Aexp(-E/ k,T)[, " dt 31)

where TF is the failure time and B, is failure threshold of bias in-
stability.

So the failure time 7F can be expressed as:

cir
Bs

Y A E— 32
Aexp(—E / kyT) 42

The acceleration factor model of MEMS gyroscope can be ex-
pressed as:
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—E/ kT,
ap =T o0 CE/RT) | (E(1 1 (33)
TR exp(=E/kyTp) k\Ty T

where TF, and TF are failure time under normal stress and acceler-
ated stress, 7, and 7 are normal temperature level and high tempera-
ture level.

As shown in equation (33), the acceleration factor model of
MEMS gyroscope contains two unknown parameters, which can be
estimated by least square method. Finally, the lifetime under normal
stress level can be calculated by acceleration factor model and failure
data under high stress level.

ATD scheme

Test platform

! v

ATD data

v

Convert the output voltage to angular rate

Y

Calculate the root mean square value of the angular rate

v

Degradation trend fitting and modeling

v

Acceleration factor model

v

Lifetime prediction

Allan variance —

Fig. 3. The method diagram of lifetime prediction for MEMS gyroscope

4. Application Case

4.1. Design of ATD scheme and con-
struction of test platform

According to GJB150.1-86, two accele-
rated stress levels were selected as S;=45°C,
S$,=60°C, and the normal temperature stress
S0o=25°C. The number of specimens under each
stress level was 4. Twelve MEMS gyroscopes,
numbered 1#, 2#, 3#,..., 11#, 12#, were selected
from the same batch MEMS gyroscopes. 1-4#
MEMS gyroscopes were tested at 25°C for 23
days, 5-8# MEMS gyroscopes were tested at
45°C for 23 days, and 9-12# MEMS gyroscopes
were tested at 60°C for 23 days.

The test platform consists of E3631A po-
wer supply, NI PXLe-1071 data acquisition
card, computer, constant temperature and hu-
midity test chamber and multiple data lines, as
shown in Figure 4. The E3631A power supply
provides 5V voltage for the MEMS gyroscopes.
The NI PXLe-1071 acquisition card can collect
the output voltage of four MEMS gyroscopes
simultaneously. It should be noted that Figure 4

(b) four MEMSgyroscopes

only lists the test environment at normal stress level. The remaining
two accelerated stress tests also used the test platform shown in Figu-
re 4, only changing the temperature of the constant temperature and
humidity test chamber.

4.2. Analysis of test data

The output voltage of 12 MEMS gyroscopes at three constant
stress levels are shown in Figure 5 (a) (b) (¢). Allan variance curves at
different stress level are shown in Figure 5 (d), all MEMS gyroscopes
have line with slopes of —1/2 and 0 at lower correlation time, and have
line with slope of 1/2 at different correlation time after the line with
slope of 0. It indicates that the angular random walk, bias instability
and rate random walk are the main characteristics in the output of
MEMS gyroscopes.

In addition, as shown in Figure 5(d), no line with slope of —1 and
+1 appear in the Allan variance curve, which indicates that the qu-
antization noise and rate slope are not the main characteristics in the
output of MEMS gyroscope. This is because the MEMS gyroscopes
have no digital-to-analog conversion process from the output of ca-
pacitance to output of voltage, other scholars have same conclusions
[12,21,26].

4.3. Degradation model

The degradation model of MEMS gyroscope can be established
based on the test data and the new method. Step 1. Convert the output
voltage of the 12 MEMS gyroscopes to angular rate, and then calcu-
late the root mean square value of the angular rate every day based on
the equation (2). Step 2. The bias instability of MEMS gyroscope in
every day can be calculated by the least squares method, i.e. equation
(6). Step 3. The degradation trend of bias instability in 23 days can
be obtained. Step 4. Fit the degradation trend of bias instability with
linear function. As shown in Figure 6, bias instability of all MEMS
gyroscope increase approximately linearly with time at different
temperature stress level. The degradation rates of each gyroscope un-
der different temperature stress levels are shown in Table 1.

So the degradation model of the MEMS gyroscope based on Figu-
re 6 and Table 1 can be expressed as:

Fig. 4. Test platform of MEMS gyroscope under constant temperature stress
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Fig. 5. Voltage output and Allan variance curves of 12 MEMS gyroscopes under different temperature stresses

Table 1. Degradation rate of MEMS gyroscopes’ bias instability at different temperature stress levels

Stress level 1#-12#MEMS Mean
s interception 4.2401 42174 4.4450 4.5752 4.3694
0 degradation rate 0.0066 0.0132 0.0424 0.0178 0.0200
s interception 1.6059 1.4122 0.8630 1.4004 1.3204
! degradation rate 0.0521 0.0137 0.0222 0.0316 0.0299
s interception 1.5055 2.1970 1.4755 3.2460 2.1060
: degradation rate 0.0406 0.0241 0.0840 0.0507 0.0499
By (t) =Kt+b (34) By (t) =0.0299¢ +1.3204 (36)
where b is the interception of the fitting line. B, (z): 0.0499¢ + 2.1060 (37)

In addition, Table 1 shows that the degradation rate of bias insta-
bility is larger in higher temperature stress. This is consistent with the
theoretical analysis results in Section 2.3. The degradation model of
the MEMS gyroscope under different stress levels can be established
by the mean values of degradation rate and intercept, which can be
expressed as respectively:

B, (t)=0.0200¢ + 4.3694 (33)

Table 2. The lifetime of 1#-12# MEMS gyroscope

44. Lifetime prediction

The literature shows that the failure threshold B¢ of the MEMS
gyroscope is 25°/h [1-3]. The lifetime of 12 MEMS gyroscopes can be
calculated based on equation (34) and Table 1, as shown in Table 2.

So the interception and degradation of the Arrhenius equation can
be expressed as:

MEMS gyroscope 1# 2# 3# 4# Mean
S0 lifetime 3145.4 1574.4 484.8 1147.5 1588.0
MEMS gyroscope S5# 6# T# 8# Mean
51 lifetime 449 1721.7 1087.3 746.8 1001.2
MEMS gyroscope o# 10# 11# 124# Mean
52 lifetime 578.7 946.2 280.1 429.1 558.5
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Fig. 6. Bias instability of 12 MEMS gyroscopes changes with time under different temperature stresses
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In 4 =4.7868
(39)

£ =2592.2
k

The parameter 4 and the activation energy £ can be expressed as:

A=119.9148
E=0.2234

(39

E

k

So the acceleration factor model between the stress level S and S,
1

can be expressed as:
AFyy = = =ex
27 7F,  exp(-E/kTy) p( [TO T D

e )

254273 60+273
The lifetime of MEMS gyroscope under normal stress level can
be calculated based on the mean lifetime at stress level S, and equa-
tion (40):

TFy _ exp(—E/ kTy)

(40)
0.2234

X
8.6171x107°

TFg, =TFg, »AFy, =558.5x2.4950 =1393.5 (41)

The lifetime calculated by acceleration factor model is close to
the mean pseudo lifetime (1588 days) under different stress levels, the
relative error is 12.25%.

Similarly, Substituting the mean degradation rate of MEMS gy-
roscope under stress level Sy and §; into equation (34), the Arrhenius
equation can be expressed as:

+

q B 1
k 45+273

(42)
1n(0.0299)=In

So the interception and degradation of the Arrhenius equation can
be expressed as:

In 4 =2.4818
(43)
%: 1905.4

The parameter 4 and the activation energy £ can be expressed as:

A=11.9626
E=0.1642

(44)

E

k

So the acceleration factor model between the stress level Syand S
ﬂ_exp(fE/le)_e 11

can be expressed as:
AFy = = =ex
0" 7R~ exp(-E/kTy) p( [To TlD

(45)
exp( ( ! ! D =1.4950

254273 45+273
The lifetime of MEMS gyroscope under normal stress level can
be calculated based on the mean lifetime at stress level S} and equa-
tion (40):

0.1642
—5 x
8.6171x10

TFS0 :TFSI-AF:1001.2><1.4950:1496.8 (46)

The lifetime calculated by acceleration factor model is close to
the mean pseudo lifetime (1588 days) under different stress levels, the
relative error is 5.74%.

5. Conclusions

This paper establishes the degradation model and acceleration
factor model of MEMS gyroscope based on Allan variance and ADTs,
and proposes a universal lifetime prediction method for MEMS gyro-
scope. The main conclusions are as follows:

The degradation characteristic (bias instability) of MEMS gyro-
scope is extracted based on Allan variance, and the effect of tempera-
ture stress on the degradation rate of bias instability is analyzed. The
theoretical analysis shows that the degradation rate of bias instability
would increase with the increase of the temperature.

ADTs of MEMS gyroscope are designed and conducted, the
experimental results indicate that bias instability of MEMS gyrosco-
pe increase approximately linearly with time at different temperature
stress level, and the degradation rate of bias instability is larger in
higher temperature stress.

Based on the theoretical analysis and experimental results above,
the acceleration factor model of MEMS gyroscope under temperature
stress is established, and the lifetime of the MEMS gyroscope is pre-
dicted. The presented methodology for lifetime prediction of MEMS
gyroscope could reduce the testing duration and expense prominently.
It may also be used as a reference for lifetime prediction for other
MEMS devices.
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