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a  b  s  t  r  a  c  t

We  present  a long-term  bias  drift compensation  algorithm  for high  quality  factor  (Q-factor)  MEMS  rate
gyroscopes  using  real-time  temperature  self-sensing.  This  approach  takes  advantage  of  linear  tempera-
ture dependence  of  the  drive-mode  resonant  frequency  for self-compensation  of  temperature-induced
output  drifts.  The  approach  was  validated  using  a vacuum  packaged  silicon  Quadruple  Mass  Gyro-
scope  (QMG),  with  signal-to-noise  ratio  (SNR)  enhanced  by  isotopic  Q-factors  of 1.2  million.  Owing
to  the  high  Q-factors,  measured  frequency  resolution  of  0.01 ppm  provided  a  temperature  self-sensing
precision  of  0.0004 ◦C,  on  par  with  the state-of-the-art  MEMS  resonant  thermometers.  The  real-time

◦

EMS gyroscope
atural frequency
emperature compensation
ias drift
elf-sensing
uality factor

self-compensation  yielded  a total  bias  error of 2 /h  and  a scale-factor  error  of  700  ppm  over  temperature
range  of  25–55 ◦C.  The  presented  approach  enabled  repeatable  long-term  rate  measurements  required
for  MEMS  gyrocompassing  applications  with  a milliradian  azimuth  precision.

© 2013 Elsevier B.V. All rights reserved.
yrocompassing

. Introduction

In recent years several groups have reported silicon MEMS  gyro-
copes with sub-degree per hour Allan deviation of bias [1–3].
owever, long-term bias and scale-factor drifts limit their poten-

ial in real-world missions. A major drift source for most MEMS
s their inherent sensitivity to temperature variations. An uncom-
ensated bias sensitivity on the order of 500(◦/h)/◦C is typical
or MEMS  gyroscopes [4].  Quartz and silicon MEMS resonators
sed in timing applications exhibit orders of magnitude better

ong-term stability, due to the more advanced compensation tech-
iques [5]. For instance, high-stability dual-mode oscillators use a
econdary mode as a thermometer for the compensation of pri-
ary mode drifts [6].  In contrast, conventional approaches for

yroscope calibration rely on third-order thermal models and
xternal temperature sensors, which suffer from the thermal lag
nd temperature-induced hysteresis [7].  These limitations moti-
ate the development of new real-time self-calib-ration methods
or the inertial MEMS.

Fused quartz Hemispherical Resonator Gyroscope (HRG) utilizes
Please cite this article in press as: I.P. Prikhodko, et al., Compensation of dri
Actuators A: Phys. (2013), http://dx.doi.org/10.1016/j.sna.2012.12.024

 temperature compensation technique which uses the drive-mode
esonant frequency as a measure of gyroscope temperature [8,9].
uccessful implementation of this self-sensing technique relies on

∗ Corresponding author. Tel.: +1 9498246314.
E-mail address: igor.prikhodko@gmail.com (I.P. Prikhodko).

924-4247/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.sna.2012.12.024
two main factors. The first is linearity of the temperature-frequency
dependence of the resonator material over wide temperature
range; the second is high frequency resolution, brought forth by
a high Q-factor. Recently, we introduced a MEMS  Quadruple Mass
Gyroscope (QMG) [2,3,10], which satisfies these requirements with
Q-factor above 1 million, and linear Temperature Coefficient of Fre-
quency (TCF), thanks to the single crystalline silicon resonator body.

The frequency-based measurements of temperature provide
inherently better stability then the amplitude-based (analog volt-
age) readings commonly employed in temperature sensors. For
instance, 1 ppm stability and repeatability is easy in the frequency
domain, but almost impossible in the analog signal domain [11].
This make high-resolution temperature self-sensing an intriguing
possibility in silicon MEMS  technology. Recently, a resonant MEMS
thermometer was  demonstrated for temperature compensation
of a co-fabricated pressure sensor [12]. In this paper, we demon-
strate that the resonant temperature self-sensing (Fig. 1) can be
used in real-time for the high-Q MEMS  gyroscopes to yield a sub-
degree per hour total bias error over temperature variations. We
present a more complete account of the self-compensation method,
originally proposed in [13], and experimentally demonstrate its
feasibility over a wider temperature range. We  also show that the
long-term stability provided by the self-compensation approach
fts in high-Q MEMS gyroscopes using temperature self-sensing, Sens.

allows for repeatable measurements of small angular rates on the
order of the Earth’s rate, as required for gyrocompassing.

Section 2 presents analysis of temperature-induced drift
sources in high-Q gyroscopes. Section 3 describes the temperature

dx.doi.org/10.1016/j.sna.2012.12.024
dx.doi.org/10.1016/j.sna.2012.12.024
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:igor.prikhodko@gmail.com
dx.doi.org/10.1016/j.sna.2012.12.024
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ig. 1. Signal processing using drive-mode frequency for self-compensation of
emperature-induced bias and scale-factor drifts.

elf-compensation method and demonstrate its accuracy and pre-
ision. Feasibility of a frequency-based temperature self-sensing
or bias and scale-factor drifts compensation over temperature is
emonstrated in Section 4, followed by conclusions in Section 5.

. Temperature sensitivity analysis

In this section we analyze temperature-induced drift sources
n Coriolis gyroscopes and show the importance of temperature
ompensation.

.1. Temperature-induced drifts

Operation of the vibratory z-axis angular rate gyroscopes is
ased on energy transfer between two vibratory modes, Fig. 2. The
rive-mode is continuously excited at resonance, and the sense-
ode is used for the rate detection. The amplitude (y) of the

ense-mode is proportional to the angular rate along z-axis (˝z),
ith scale-factor (SF)  and bias (B):

 = (SF) × (˝z + B). (1)

Assuming the worst-case scenario, the sense-mode is operated
pen-loop, and thus it is more susceptible to temperature varia-
ions. Scale-factor and bias are functions of the angular gain (k ≤ 1),
he sense-mode natural frequency ωy, and the drive amplitude (x)
Please cite this article in press as: I.P. Prikhodko, et al., Compensation of dri
Actuators A: Phys. (2013), http://dx.doi.org/10.1016/j.sna.2012.12.024

14]:

F = 2kQeffx

ωy
, B = �(1/�)  sin(2��)

2
, (2)

ig. 2. Photo of the experimental setup, showing the vacuum packaged QMG  rate
ensor, PCB electronics, and a rate table.
 PRESS
tuators A xxx (2013) xxx– xxx

where �(1/�)  is the damping mismatch between vibratory modes,
�� is the principal axis of damping, and Qeff is the effective Q-factor:

Qeff = Qy√
1 + 4Q 2

y (�ω/ωy)2
, (3)

which reaches maximum Qy at zero frequency mismatch (�ω = 0).
It follows from Eqs. (2) and (3) that the mode-matched con-

dition over wide temperature range, i.e. �ω  = 0 and �(1/�)  = 0, is
desired to ensure stability of scale-factor and bias. While these
requirements can be satisfied by a symmetric transducer design,
the temperature dependence of the rest of the parameters (Qy, ωy,
��) in Eqs. (1)–(3) still reduces the overall accuracy and repeat-
ability of the rate measurements. The only parameters that can be
neglected are the drive amplitude x, stabilized by an Automatic Gain
Control (AGC), and the angular-gain factor, k, with a sub-ppm/◦C
stability over temperature [8].  Thus, the parameter with the high-
est sensitivity to temperature is either the sense-mode frequency,
ωy, or the sense-mode quality factor, Qy . Typical temperature sen-
sitivity of the resonant frequency for silicon MEMS  is −31 ppm/◦C
at near room temperature [15]. At the same time, the sensitivity of
Q-factor depends on the dominant energy loss mechanism. For the
thermo-elastic dissipation, with the associated strong 1/T3 temper-
ature dependency [16], the Q-factor sensitivity is the primary factor
that contributes to the scale-factor fluctuations (10,000 ppm/◦C).

2.2. Scale-factor and bias sensitivities

In general, the relationship between the scale-factor (as well
as bias) and temperature is non-linear for MEMS gyroscopes. How-
ever, for silicon MEMS  we can consider the change to be linear in the
acceptable temperature range [15]. Quantitatively, we can estimate
the effect of the Q-factor on scale-factor by taking the derivative
of the expression Eq. (2) with respect to temperature. The result
is divided by the nominal scale-factor to find the relative change
(assuming �ω = 0):

1
(SF)

d(SF)
dT

= 1
Qy

dQ y

dT
.  (4)

Previously we reported experimental temperature characteri-
zation of the Q-factor for the vacuum sealed QMG, which confirmed
that the dominant energy loss mechanism is the thermoelastic dis-
fts in high-Q MEMS gyroscopes using temperature self-sensing, Sens.

sipation [2].  Linear fit to the Q(T) data in Fig. 3 reveals dQy/dT of
12,000 ◦C−1, yielding a scale-factor sensitivity of 10,000 ppm/◦C
at near room temperature. Calculation of the derivatives dQy/dT
at different temperatures shows that the sensitivity varies from
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Fig. 3. Measured Q vs. temperature for a packaged QMG. The 1/T3 dependence is
attributed to the thermoelastic dissipation.
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resonant thermometers [19–21].  Next, we demonstrate the self-
compensation of temperature drifts using the gyroscope as a
high-resolution frequency thermometer.
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000 ppm/◦C to 20,000 ppm/◦C over wider temperature range of
40 ◦C to 120 ◦C.

Temperature sensitivity of bias, Eq. (2),  is significantly reduced
y the geometric symmetry of a QMG  transducer, which ensures
amping isotropy �(1/�)  over wide temperature range. Neverthe-

ess, fabrication and packaging imperfections, as well as electronic
omponents drifts may  contribute to change in the angle �� of the
rincipal axis of damping, and thus overall temperature sensitivity
f the gyroscope bias.

. Frequency-based temperature self-sensing

In this section we describe the temperature compensation
ethod and demonstrate its accuracy and precision using QMG.

.1. Resonant temperature sensing for drifts compensation

While the gyroscope drive-mode is controlled by a Phase-
ocked Loop (PLL) and an AGC loop, the open-loop sense-mode is
usceptible to temperature variations, as shown in the previous sec-
ion. To compensate for temperature-induced scale-factor and bias
rifts, we propose to use the drive-mode frequency as a built-in
hermometer, which is free from any spatial or temporal ther-

al  lag. The silicon resonator frequency changes linearly with the
emperature, so by monitoring this change, on-chip gyroscope tem-
erature can be measured directly. The temperature coefficient of
requency is well defined by elastic properties and its value is fixed
or a given material (e.g. silicon) [15], which allows for repeatable

easurements of the temperature.
Fig. 1 shows signal processing for the real-time self-compen-

ation of both scale-factor and bias drifts. The instantaneous
requency change is first correlated to the temperature using
he measured TCF. Once the instantaneous temperature value is
btained, it is used to estimate (predict) the scale-factor and bias
rifts in real-time. Finally, the raw gyroscope output is corrected by
ultiplying it with the scale-factor change, followed by subtraction

f bias drifts.
The gyroscope bias can be modeled as a constant (bias off-

et) plus a time-varying component (bias drift), which is primarily
aused by the temperature fluctuations. For the first-order tem-
erature T compensation, bias b is approximated by the sum of the
ffset value bT0 and a linear term with the coefficient ˇT :

(T) = bT0 + ˇT �T,  (5)

hich due to the linear temperature dependence of frequency
 = f(T) can be represented in terms of the natural frequency change

f :

(f ) = bf0 + ˇf �f.  (6)

he temperature sensitivity coefficient ˇf and the constant bf0 are
etermined through the least-square linear fit to the calibration
ata, see Section 4.1.  The frequency change �f  is used to estimate
he temperature-induced bias drift b(f) and perform compensation
n real-time. Similarly, self-compensation method is performed for
he scale-factor.

.2. Temperature characterization of transducer

The QMG  transducer [17] was chosen for evaluation of the
pproach due to its symmetric high-Q design and isotropy of
oth frequency and damping. The QMG  architecture comprises
our identical tines, four linear coupling flexures, and a pair of
Please cite this article in press as: I.P. Prikhodko, et al., Compensation of dri
Actuators A: Phys. (2013), http://dx.doi.org/10.1016/j.sna.2012.12.024

ever mechanisms for synchronization of the anti-phase drive-
nd sense-mode motion. Both momentum and torque balance
n both x and y directions are provided by the lever mecha-
isms and flexures enable ultra-low dissipation of energy through
 PRESS
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the substrate, leading to a high resolution and equal high Q-
factors, Qx = Qy > 1 million. At the same time, structural symmetry
of the QMG  lumped mechanical element provides closely matched
drive- and sense-mode TCFs for increased robustness to the
temperature-induced drifts as required for high precision rate
measurements.

Stand-alone QMGs were fabricated using an SOI  process with a
100-�m thick device layer. Singulated devices were vacuum sealed
using getters inside a ceramic package, providing sub-mTorr vac-
uum sustainable over many years. Characterization of the packaged
QMGs showed drive- and sense-mode Q-factors of 1.17 million at
25 ◦C and 0.7 million at 100 ◦C, with �Q/Q symmetry of 1%, or
�(1/�)  of 10◦/h [2].  Frequency symmetry �ω over temperature
range of 30 ◦C to 75 ◦C was  also confirmed with a 0.2 ppm/◦C con-
fidence bounds. High Q-factor is expected to provide a sub-ppm
frequency stability, required for high-precision frequency-based
temperature sensing.

3.3. Temperature self-sensing accuracy and precision

The signal processing for temperature self-sensing takes advan-
tage of the high Q-factors and linear TCF of the silicon QMG. As
shown in Fig. 1, a PLL monitors the resonant frequency change
relative to the high-stability frequency reference (0.05 ppb over
30 s) [18], which is then converted to temperature. The stabil-
ity of the frequency reference is thus critical as it defines the
lower bound on the minimum resolvable temperature. Accuracy of
the frequency-to-temperature conversion relies on accuracy and
linearity of the TCF value. The TCF was measured over a temper-
ature range of 30–75 ◦C using a high precision thermistor from
GEC Instruments with accuracy and precision of approximately
10−4 ◦C. The TCF of −24 ppm/◦C was calculated from a linear fit to
the frequency–temperature data with an accuracy of 0.04 ppm/◦C,
Fig. 4.

The precision of frequency-based temperature sensing depends
on the resonant frequency stability of the anti-phase drive-
mode of the gyroscope. Due to high Q-factor, we demonstrated
a 40 ppb/

√
Hz white noise of frequency, resulting in 10 ppb fre-

quency resolution at 30 s for the QMG  near room temperature [10],
Fig. 5. Using the TCF of −24 ppm/◦C, the measured frequency sta-
bility translates to temperature self-sensing precision of 0.002 ◦C
at 1 s averaging time and 0.0004 ◦C at 30 s averaging time (with
an accuracy of 0.002 ◦C), on par with the state-of-the-art MEMS
fts in high-Q MEMS gyroscopes using temperature self-sensing, Sens.

30 40 50 60 70 80

Temperature, °C

Fig. 4. Linear frequency–temperature dependence, revealing a −24 ± 0.04 ppm/◦C
TCF  over temperature range of 30–75 ◦C.

dx.doi.org/10.1016/j.sna.2012.12.024
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Fig. 6. The custom-built package-level resistive heater assembly for thermal cali-
bration of a gyroscope. (a) Exploded view of the assembly model in Solidworks. (b)

to perform self-compensation of the sense-mode drifts according
to the signal processing scheme, Fig. 1.
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ig. 5. Experimental demonstration of 10−8 frequency stability, which translates to
 × 10−4 ◦C precision of temperature self-sensing.

. Experimental demonstration of self-compensation

Frequency-based temperature self-sensing can be used in var-
ous applications. In this work, we demonstrate feasibility of a
igh resolution frequency thermometer for (i) in-run bias and
cale-factor drifts compensation over temperature range, (ii) gyro-
ompassing error correction over temperature range, and (iii)
urn-on bias compensation. For all experiments the gyroscope
ontrol shown in Fig. 1 was implemented using a HF2 Zurich
nstruments (ZI) hardware. The drive-mode of the QMG  was oper-
ted closed-loop, while the sense-mode remained open-loop. The
LL-based drive-loop sustained oscillation at resonance and pro-
ided reference for the signal demodulations. The AGC stabilized
he amplitude of drive-mode motion. The gyroscope output pro-
ortional to the angular rate was detected by demodulating the
ense-mode signal at 90◦ phase.

.1. Calibration run

To determine the model parameters (bias offset bf0 and tem-
erature coefficient ˇf), we performed a calibration run over

 temperature range from 35 ◦C to 55 ◦C using a custom-built
ackage-level heater, Fig. 6. These experiments were conducted
sing the vacuum sealed QMG  with a nominal frequency separa-
ion of 3.8 Hz between drive- and sense-mode (without frequency
uning or trimming). The temperature range above 35 ◦C was cho-
en in order to separate the transducer drifts from the interface
lectronics drifts, see Section 4.5 for details on cold-start and effects
f self-heating. Static calibration at zero input rate doesn’t allow to
eparate the bias drift (null offset drift) from the scale-factor drift.
or this reason periodical physical rotations (±0.5◦/s) were applied
o the gyroscope at different temperatures. Scale-factor estimation
n the presence of a constant angular rate (e.g. Earth’s rate) is also
ossible by the input modulation, see Section 4.4 for details.

A linear relationship was observed for the bias drift as a function
f the on-chip gyroscope temperature, Fig. 7(a). The tempera-
ure values in Fig. 12 were obtained by monitoring the gyroscope
rive-mode frequency and using the linear TCF value for the con-
ersion. The linear least squares fit to the experimental data was
erformed to determine calibration parameters for the linear bias
odel (Eq. (6)), revealing ˇf of approximately 1.5(◦/h)/ppm or ˇT

f −35(◦/h)/◦C.
Please cite this article in press as: I.P. Prikhodko, et al., Compensation of dri
Actuators A: Phys. (2013), http://dx.doi.org/10.1016/j.sna.2012.12.024

The scale-factor sensitivity was determined from the same
xperiment. A temperature change of approximately 17 ◦C resulted
n a 20% drop of the scale-factor, yielding a temperature coefficient
f −12,000 ppm/◦C (or 1.2%), in a fairly good agreement with its
Photographs of assembly process showing heater element, gyroscope and temper-
ature sensor locations.

theoretical value of 10,000 ppm/◦C estimated in Section 2.2.  These
measured sensitivity coefficients of bias and scale-factor were used
fts in high-Q MEMS gyroscopes using temperature self-sensing, Sens.

Fig. 7. Calibration run, revealing linear temperature dependences of bias and scale-
factor drifts over a temperature range of 35–55 ◦C. (a) Temperature sensitivity of bias
with a coefficient of −35(◦/h)/◦C. (b) Temperature sensitivity of scale-factor with a
coefficient of 1%/◦C.

dx.doi.org/10.1016/j.sna.2012.12.024
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Table 1
Comparison of drift compensation methods (Fig. 10 data).

Method ARW Bias stability Time Constant RRW
◦/

√
h ◦/h min ◦/h/

√
h

Uncompensated 0.1 0.6 3 –

One of the demanding inertial applications that require long-
term stability is gyrocompassing for non-magnetic north-finding.

10
1

10
 2

10
 3

10
−1

10
0

A
ll

an
 d

ev
ia

ti
o
n
, 
°/

h
r

Thermistor comp.

0.35 °/hr @ 10 min

Self−compensated

0.22 °/hr @ 20 min

Bias stability (raw)

0.6 °/hr @ 3 min

ARW

0.07 °/√hr

RRW

0.3 °/hr/ √hr
rom approximately 50 ◦C to 30 ◦C. Self-compensation removes temperature-
nduced drift to below 2◦/h (1�).

.2. Real-time self-compensation of gyroscope drifts

As discussed in Section 3.2,  both frequency and damping
ymmetry of the QMG  significantly reduce scale-factor and bias
emperature sensitivities. Nevertheless, imperfections in fabrica-
ion, packaging, and electronic component drifts contribute to
ensor’s temperature sensitivity. To validate the proposed self-
ompensation method and ensure repeatability of the calibrated
odel parameters, we  monitor raw and self-compensated gyro-

cope output over temperature changes.
Once the gyroscope was heated up to 55 ◦C the heater was

urned off and the output was recorded until the temperature
eached 30 ◦C. Fig. 8 shows a time history of the QMG  output over

 temperature change of approximately 20 ◦C, revealing a strong
emperature correlation of the raw bias. The natural frequency
btained in real-time from the PLL was used to estimate and com-
ensate both bias and scale-factor drifts according to the predictive
rst-order model Eq. (6).  The temperature values in Fig. 8 were also
erived from the drive-mode frequency. The self-compensation
f sense-mode drifts reduced the apparent long-term drift and
educed the temperature correlation from 98% to below the mea-
urement error, indicating that the gyroscope output was  no longer
ffected by the temperature fluctuations. The self-compensation
emoved temperature-induced drift to below 2◦/h standard devia-
ion (1�) of bias error despite the fast 20 ◦C temperature change.

.3. Long-term stability analysis

Allan deviation analysis allows determination of random pro-
esses present in a gyroscope output. To perform analysis, the
yroscope static measurements (zero rate output and tempera-
ure) were recorded for a period up to 24 h at room temperature.
uring this time interval, the gyroscope on-chip temperature had
een varying in a range from 23.7 ◦C to 24.2 ◦C. This temperature
hange led to the uncompensated bias drift of about 90◦/h, Fig. 9.
he self-compensation method has been employed to remove tem-
erature drifts to below 0.5◦/h standard deviation (1�) of bias error
nd resolved additional non-temperature-induced noise processes
e.g. rate random walk).

As discussed earlier, the advantage of the proposed self-sensing
ethod is the absence of thermal lag and hysteresis. Table 1

ompares the compensation accomplished by using the proposed
Please cite this article in press as: I.P. Prikhodko, et al., Compensation of dri
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elf-sensing versus using the high-precision temperature sensor
GEC Instruments) placed in close proximity to the gyroscope. For
he long-term stability assessment we compared our rate random
alk (RRW) values, Fig. 10.  Allan deviation of the raw data (from
Temperature sensor 0.1 0.35 10 1
Self-sensing 0.07 0.22 20 0.3

Fig. 9) revealed the bias instability of 0.6◦/h after � = 3 min  integra-
tion time. For longer integration times the output was dominated
by the temperature ramp with a �+1 slope.

The bias drift compensation using the external thermistor
resolved RRW process of 1◦/h/

√
h, showing that the tempera-

ture ramp was removed. Despite an excellent thermistor accuracy,
conventional compensation did not significantly improve the
bias instability due to apparent thermal lag. In contrast, self-
compensation resulted in a threefold improvement of the bias
instability, providing a 0.2◦/h value at 20 min. Most importantly,
the RRW improved down to 0.3◦/h/

√
h, indicating long-term sta-

bility. Next, we  used gyrocompassing application to illustrate the
advantages of self-compensation for improving repeatability.

4.4. Self-compensation for gyrocompassing
fts in high-Q MEMS gyroscopes using temperature self-sensing, Sens.

Integration time, s

Fig. 10. Allan deviation of gyroscope outputs over temperature variations, showing
a  0.2◦/h self-compensated bias instability.

dx.doi.org/10.1016/j.sna.2012.12.024
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Fig. 12. Raw and self-compensated gyroscope bias during gyrocompassing mea-
surements in room temperature. (a) Experimentally measured 99% temperature
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hile north-finding is discussed in [3],  here we highlight effects of
emperature-induced drifts.

Gyrocompassing requires constant bias over temperature for
epeatable measurements. In practice, however, time-varying bias
revents from the long-term stable measurements of slow angu-

ar rates. To experimentally measure drifts, we mounted the QMG
ith its input axis horizontal relative to a rotary platform and sep-

rated scale-factor from the sensor’s bias by virtue of continuous
otation in a horizontal plane. The method is similar to the carousel-
ng technique used for continuous modulation of constant rotation
ate of the Earth [3]. Demodulation of the output at the frequency
f the applied rotation allows to extract bias and scale-factor while
erforming gyrocompassing (true azimuth) measurements. The
xperiments were conducted using the vacuum sealed QMG  with

 frequency separation of 0.16 Hz between the drive- and sense-
ode in order to improve sensitivity of the gyroscope (achieved

y the electrostatic frequency tuning). The trade-off however is
he increased temperature sensitivity of the sense-mode, which
equires new calibration parameters.

Fig. 11 shows a QMG  output from a carouseling run. The gyro
as able to detect the horizontal component of the Earth’s rate,

pproximately 12.51◦/h in Irvine, California (33.7◦N latitude). The
aw data shows a low-frequency temperature-induced drift, which
an be removed by self-compensation. The rotation in plane with

 1◦/s rate effectively modulated the constant Earth’s rate with a
-min period. Each period (each 360◦ turn) the data was logged
nd a sinusoidal fit was performed in real-time to obtain calibra-
ion parameters (during which the temperature is assumed to be
onstant). Every 6 min  a new calibration set of bias, scale-factor,
nd azimuth was  obtained and analyzed. The gyroscope bias is an
ffset value of the fit, the scale-factor is an amplitude of the fit,
nd the azimuth angle is a phase of this fit. Filtering of the data
roduced azimuth estimation with uncertainty diminishing as the
quare root of the number of measurements, reaching a 4 millira-
ian precision after 100 averages.

From these measurements, a strong correlation between the
yroscope bias and the temperature was observed during a 16-h
Please cite this article in press as: I.P. Prikhodko, et al., Compensation of dri
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un, Fig. 12(a). The measured 99% correlation confirmed environ-
ental changes to be the primary drift source. A linear relationship
as observed for bias (null offset) as a function of the on-chip gyro-

cope temperature, Fig. 12(b). The direct gyroscope temperature
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ig. 11. Earth’s rate measurements during gyrocompassing. The gyroscope output
s  12.6◦/h when pointing North (at Irvine, CA location). Temperature-induced drift
s  removed after self-compensation.
correlation of a gyroscope bias during a 16-h run (uncompensated data). (b) Raw
and self-compensated gyroscope bias, revealing a 1� bias total error of 0.5◦/h over
room temperature variations during 16-h run.

was self-sensed by monitoring its resonant frequency. The tem-
perature sensitivity coefficient of −7.5 ± 0.03(◦/h)/ppm was found
by the linear least squares fitting, which translates to the bias coef-
ficient of −180 ± 0.8(◦/h)/◦C (attributed to the packaging stresses
in early QMG  prototypes). This sensitivity coefficient was used
to perform self-compensation of temperature-induced bias drifts
near the room temperature. Self-compensation removed the linear
trend and enabled a total 1� bias error of 0.5◦/h over day/night
temperature variations, Fig. 12(b). As expected, the tempera-
ture sensitivity of bias was increased due to reduced frequency
separation between the sense- and the drive-modes. Similarly,
temperature self-compensation using the gyroscope frequency as
a thermometer resulted in a total 1� scale-factor error of 700 ppm
over day/night temperature variations, confirming feasibility of the
approach.

4.5. Self-compensation of turn-on bias drift

In this section we demonstrate that the self-heating induced
turn-on bias error of the high-Q quadruple mass gyroscope can be
reduced by the proposed self-compensation approach. By monitor-
ing the gyroscope natural frequency, this temperature sensitivity
can be eliminated.
fts in high-Q MEMS gyroscopes using temperature self-sensing, Sens.

During the turn-on event the front-end electronics heats up
with the temperature gradient across the printed circuit board
(PCB), Fig. 13.  This in turn leads to the increase in device’s tem-
perature. Fig. 14 shows time history of the package and electronics

dx.doi.org/10.1016/j.sna.2012.12.024
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Fig. 13. Infrared image of the PCB circuit, showing temperatures of electronic com-
ponents and the device’s ceramic package. The colorbar shows the temperature in
degrees Celsius.
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ig. 14. Time history of temperature for the package and electronics recorded using
R  camera (from locations shown in Fig. 13) during PCB power turn-on and turn-off
vents, revealing self-heating of the device up to about 27 ◦C.

emperature during the PCB power turn-on and turn-off events,
◦ ◦
Please cite this article in press as: I.P. Prikhodko, et al., Compensation of dri
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emonstrating a self-heating from 21 C to 27 C for the gyroscope’s
eramic package. This in turn lead to the bias (offset voltage) drift
f 2000◦/h (the scale-factor is assumed to be constant throughout
he turn-on event).
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A strong correlation is observed for bias (null offset) as a function
of the on-chip gyroscope frequency, Fig. 15.  The resonant fre-
quency change is indicative of the gyroscope temperature change
as shown previously. Self-compensation removed the linear trend
and enabled a total 1� bias error of 5◦/h during 900 s of temperature
ramp-up since the cold-start, proving feasibility of the approach,
Fig. 15.

5. Conclusions

We  demonstrated the self-compensation of the gyroscope drifts
by utilizing its resonant frequency as an embedded thermometer.
The approach is based on linear frequency–temperature depend-
ence in the silicon Quadruple Mass Gyroscope, with SNR enhanced
by high Q-factor. In contrast to conventional thermal compensa-
tion methods (e.g. placing a temperature sensor in close proximity
to the gyroscope), the proposed self-sensing approach is inherently
independent from a thermal lag, enabling compensation of drifts in
real time and eliminating need for additional external sensors. The
measured frequency stability of 0.01 ppm provided a temperature
self-sensing precision of 0.0004,◦C, on par with the state-of-the-
art MEMS  resonant thermometers. Self-compensation removed the
sense-mode temperature sensitivity and improved the Allan devi-
ation of bias from 0.6 to 0.2◦/h. Most importantly, this method
enabled a total bias error of 2◦/h in run and a total scale-factor
error of 700 ppm over temperature variations. The demonstrated
self-compensation method may  provide a path for inertial-grade
silicon MEMS  gyroscopes with long-term bias and scale-factor
stability.
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