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ABSTRACT 

We report a scale factor self-calib
Coriolis vibratory gyroscopes enabled by
of the sense-mode closed loop gain. 
closed loop scale factor employed in t
Resonator Gyroscope (HRG), we mea
scale factor changes by injecting a kn
(virtual input rate) into the sense-mode
the normal operation of the gyroscope. T
validated using an in-house developed
MEMS Quad Mass Gyroscope (QMG
structural symmetry and low 
demonstrated a 350 ppm accuracy (lim
and a 1 ppm precision by simultaneous
true and self-calibrated scale factors ove
temperature range. 
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INTRODUCTION 

Accuracy of MEMS inertial senso
affected by the drifts in scale facto
potential application in navigational-gra
a 1 ppm stability requirement. Temper
on the order of 1000 ppm/°C are a major
achieving 1 ppm overall stability in M
Drifts of analog front end gains a
contribute to further degradation of sca
We propose to tackle the issue of scale 
by continuous self-calibration of the 
mode gain during its normal operatio
periodic offline physical re-calibration
using sophisticated inertial characteriz
the new approach eliminates the need fo
absolute rotation reference or any other p

Similarly to the Closed Loop Scale 
approach employed in the macro-sc
navigational-grade Hemispherical Reso
(HRG), the method relies on a virtual in
to continuously observe and compensat
a gyroscope is operated in force-to-rebal
of operation, the key factor enabling 1
self-calibration is the whole-angle (W
provides a stable in-situ reference (ang
term stable down to ppb). An in-house d
silicon MEMS Quadruple Mass Gyrosc
capable of both WA [5] and FTR-modes
chosen for the approach validation due
structural parameters (operational anti-p
2 to 3 kHz, measured Q-factors above 1 
frequency and damping symmetry). 
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factor uncertainty 
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on. In contrast to 
n of rate sensors 
zation equipment, 
or a high accuracy 
physical stimulus. 
Factor (CLSF) [2] 

cale fused quartz 
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developed sub-°/hr 
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e to its HRG-like 

phase frequency of 
million, complete 
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This section reviews FTR 

provide framework for the CLS
 
Principle of Operation 

FTR operation [6] is used
of-mode-matched high-Q g
advantage of their inherently 
noise. As shown in Fig. 1, the 
operated at mechanical reson
Locked Loop (PLL). The ampl
is stabilized by an Automatic 
sense-mode amplitude is maint
rebalancing force which in
quadrature signals. This allow
of the mode-matched gyroscop
the sense-mode. 

The rate (FTR) and q
similarly to the drive-mode a
with a zero set point. The ratio 
channel rebalancing force fy to
control force fx is used to measu
 ( zxxy kQff 2 Δ+Ω=
where Qx is the drive-mode Q-
factor, Δ(1/τ) is the decay time 
drive- and sense-modes, and θτ 
axis of damping. Eq. (1) hig
mismatch Δ(1/τ) is a major sour

 

Figure 1: QMG control loops:
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Bandwidth 
Bandwidth of the FTR rate loop is a critical 

parameter since it must not interfere with the operation of 
the CLSF dither signal. Otherwise, the frequency domain 
based separation of the true inertial input from the virtual 
input (dither signal) introduced by the CLSF calibration 
loop is impossible. The bandwidth analysis assumes the 
gyroscope dynamics is governed by: 
 ( ) ( )xkfyyQy zyyyy τθτωω 2sin)/1(22 Δ+Ω−=++ , (2) 
where y, ωy and Qy are the sense-mode displacement, 
frequency and Q-factor, respectively. Here, the drive-mode 
motion x is controlled by AGC and PLL loops to sustain 
an oscillation with a stable amplitude a0, x = a0 cosωxt. 

FTR control laws are formulated in terms of the in-
phase cy and quadrature sy components of the y signal:  
 )sin()cos( φωφω +++= tstcy yy , (3) 
where cos(ωt+φ) and sin(ωt+φ) are the reference signals 
generated by PLL operating at the frequency ω = ωx +φ .  
The cy component proportional to the input rate is always 
rebalanced (zeroed) by the proportional-integral (PI) 
controller with the gain Kcy and integral time τcy [7]: 
 ( ) )sin()(2/1

0
φωτττ +⎥⎦

⎤
⎢⎣
⎡ += ∫ tdccKf

t

ycyycyy
. (4) 

Substituting (3) and (4) into (2), we obtain equation 
( ) 22sin)/1(22 00

2 akdccc z

t

yyy τθττωτ Δ+Ω−=++ ∫ΩΩ
, (5) 

which can be used to analyze the transient response and 
bandwidth [7]. Here τΩ=4ω/Kcy and ωΩ=Kcy/(4ωτcy) are 
the values of settling time and the rate-loop bandwidth. 

Similarly to Eq. (2), the derivative of Eq. (5) is an 
equation of damped, linear, second order system with 
bandwidth ωΩ and settling time τΩ defined by controller's 
proportional (P) and integral (I) gains Kcy and Kcy/τcy. In 
contrast to the open-loop operation, the closed-loop FTR 
bandwidth and settling time can be adjusted without 
sacrificing the low noise of the sense-mode. This is 
critical for high-Q rate sensors since the-mode-matching 
in open loop operation limits their measurement 
bandwidth. The open-loop settling time is given by the 
energy decay time constant τ=2Qy/ω, which for Q values 
greater than 1 million and frequencies below few kHz 
reaches several minutes, making it practically impossible 
to measure fast changes of the input rotation. The closed 
loop FTR operation resolves the gain-bandwidth tradeoff 
while preserving low noise operation of high-Q devices. 

 
CLOSED LOOP SCALE FACTOR 

This section presents adaptation of the CLSF 
approach [2] to mode-matched high-Q MEMS gyroscopes 

 
Principle of Operation 

Fig. 1 shows FTR and CLSF control loops, which 
continuously observe and adjust the sense-mode gain 
(scale factor). CLSF relies on adding a square-wave 
modulation signal to the FTR command (feedback signal, 
fy) and observing the output angle precession of the 
gyroscope. The self-calibration closed-loop is added to 
the four existing loops without interrupting the gyroscope 
normal FTR operation. This is possible because the 
frequency of the modulation signal is chosen to be outside 

of the gyroscope bandwidth. It also allows separating the 
inertial input information from the modulated signal in 
frequency domain.  

The injected modulation signal acts as a virtual input 
rate Ωr-mod and deviates the vibration pattern angle of the 
gyroscope from its nominal null position through the use 
of WA-mode. By comparing the angle output relative to 
the integrated virtual input, the scale factor change is 
made observable. The scale factor estimate is fed to the PI 
controller to form the CLSF feedback command. A notch 
filter is employed to remove the self-calibration dither 
signal from the sensor output. This way the CLSF loop 
does not interfere with the FTR operation. To perform an 
active self-calibration, the CLSF feedback signal is used 
to continuously regulate the loop gain by changing the 
forcer gain Kfy. 
 
Dynamics 

Dynamics of a FTR gyroscope operated with CLSF 
can be described as: 
 ( ) ( ) xxkfKyyQy rzyfyyyy mod

2 2 −Ω+Ω−=++ ωω , (6) 
with two inputs (true rate Ω z  and virtual rate Ωr-mod). 
Here, the Δ(1/τ) term is omitted for clarity. The cy 
component of the gyroscope output contains responses to 
both inputs, which are separated by using a notch filter. 
While the filtered cy component is used in the FTR rate-
loop controller to rebalance the term (Kcyfy−2kΩz) to zero, 
the raw cy signal is used to form the scale-factor error 
estimate for the CLSF controller and adjust its gain K c y . 

When FTR loops are in place, the dynamics 
simplifies to: 
 ( ) xyyQy ryyy mod

2
−Ω=++ ωω , (7) 

and the steady-state solution in terms of cy is given by [6]: 
 ∫ −− Θ=Ω=

τ
ττ

0 mod0mod0 )( rry adac . (8) 

which is the WA output. Eq. (8) shows that for ideal case, 
the measured output angle Θ is exactly the integral of the 
virtual input rate Θr-mod. In reality, however, errors such as 
analog front-end gain drift lead to the output change. The 
angle difference is used to observe the scale factor error: 
 ( )mod00 mod0 )( −− Θ−Θ=Ω− ∫ rry adac

τ
ττ . (9) 

Alternatively, scale factor change can be observed by 
demodulating the raw cy output with the Θr-mod reference 
input. This approach is implemented in the current paper. 
 
EXPERIMENTAL RESULTS 

This section experimentally validates the CLSF self-
calibration using the Quadruple Mass Gyroscope (QMG). 
 
Sensor and Electronics 

To investigate the feasibility of CLSF for MEMS, we 
performed a series of experiments using a first generation 
silicon MEMS QMG [3] with natural frequencies of 
2.2 kHz and measured Q-factors of 1.2 million with ΔQ/Q 
of ±1%. This gyroscope previously demonstrated an angle 
random walk (ARW) of 0.02 °/√hr and in-run bias 
instability of 0.2 °/hr [4]. The vacuum packaged QMG 
was mounted on a PCB with front-end electronics and 
mounted on a 1291 Ideal Aerosmith precision rate table 
equipped with a thermally controlled chamber. 
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Force-to-Rebalance Characterizati
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rates in a ±5°/s range using an FTR ins
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AGC, PLL and quadrature loops was 
15 Hz, and 2 Hz, respectively. Despit
down time constant of 172 s and a fast 
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ion 
e to input rotation 
strumented QMG. 
signal cy remained 
, while the force 
proportional to the 
S linearity. A wide 
hieved despite the 
d by the maximum 

ration of the self-
re chosen to set a 
modulation signal 

The bandwidths of 
set to be 0.5 Hz, 
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Closed Loop Scale Factor C
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change or drift was observed 
demodulation of the QMG ang
frequency of the injected modu
Fig. 4. The square-wave mo
virtual rate input, and accordin
of the gyroscope is equal to 
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To analyze CLSF accuracy
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±5 °/s physical rotations while 
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an experimental comparison 
scale factor change over the 1
range, demonstrating a close m
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confirming that CLSF output c
correct the gyroscope’s true
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Figure 4: Measured input and 
self-calibration loop used to est

Figure 5: QMG rate output in 
input rotations, used to charact

aracterization revealed that 
TR-operated gyroscope can 
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Characterization 
factor of 0.06 (°/s)/V was 

te table (Fig. 2), its relative 
in real-time by amplitude 

gle output (CLSF output) at 
ulation signal (CLSF input), 
dulation signal acts as a 

ng to Eq. (8) the WA output 
the integral of this signal, 
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the same time, the CLSF 
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accuracy of the experiment was limited
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CONCLUSIONS 
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