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ABSTRACT

This paper reports a fully-differential frequency
modulated (FM) gyroscope where superposed clockwise
(CW) and counter clockwise (CCW) modes are
independently controlled on a single resonator. A CW/CCW
mode separator was implemented with a mode-matched
ring resonator, and FM gyroscope operation with excellent
linearity between applied angular rate and frequency
difference was demonstrated. The scale factor was as high
as 0.724, and measured almost zero temperature coefficient
including +26 ppm uncertainty without any compensation.
Whole angle mode operation was also demonstrated using
the same system and excellent linear relationship between
applied rotation angle and measured angle was observed.

BACKGROUND

A frequency modulated (FM) gyroscope has unique
advantages such as low temperature sensitivity of scale factor
[1, 2] and wide bandwidth. The FM gyroscope uses a
2-dimensional mode-matched resonator. Two eigenmodes are
degenerated when angular rate input is zero. An applied
angular rate, Q, resolves the degeneracy, generating two
eigenmodes: clockwise (CW) and counter-clockwise (CCW)
rotation modes. The eigenfrequencies are given as

wcw:27tfcw:w0(T)+kQ (1)
Wcew = 27chcw = U)()(T) - kQa (2)

where fo(= @y/2n), k and T are a natural frequency of the
resonator, a scale factor and temperature, respectively.

The natural frequency, @y(7T), has a temperature
sensitivity, which causes the bias error. However, this
temperature-induced frequency change can be cancelled out
by measuring a frequency difference, A® = Wecyy — Ocw. This
principle was confirmed by spectral-analyzing ring-down
vibration of a high Q MEMS resonator [1]. More practical
FM gyroscopes were recently reported, but two modes
were excited on two resonators [3], or shared a single
resonator with time division drive [2,4]. The two resonator
system requires a pair of highly mode-matched resonators,
which raises fabrication difficulty, and temperature difference
between two resonators induces bias error. On the other hand,
the time division drive system has a limited bandwidth of
measurement.

In this paper, we propose a fully-differential FM
gyroscope which independently but simultaneously controls
both CW and CCW modes on a single resonator. Compared
with the previous works, the proposed system works with
only one resonator, and the continuous excitation of both
modes solves the bandwidth problem. In addition, the system
can be used as a whole angle gyroscope, which detects the
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Figure 1: Schematic of FM/whole angle gyroscope system
using CW/CCW mode separator

rotation angle rather than the angular rate.

WORKING PRINCIPLE OF FM/WHOLE
ANGLE GYROSCOPE

Figure 1 shows the principle and schematic diagram of
a proposed FM/whole angle gyroscope. Two eigenmodes
(CW and CCW modes) are simultaneously excited on a single
resonator. By using a CW/CCW mode separator, these modes
can be separated and independently controlled using each
phase locked loop (PLL). The linear combination of these two
modes results in a linear oscillation as

|:X:| — |:1:| ei‘])cw + |: 1:| ei¢ccw
y 1 —1

_ [ cos (k [Qdt) i o
—sin (k [ Qdr)
-2[laia) v ®
where the phase of CW and CCW mode can be expressed as
o = [ it = [andi+k [ Qu )
Pecw :/(occwdt = /a)odt—k/th, 5)

respectively. Thus, the oscillation direction, 6, changes with
the integration of angular rate, ® = [ Qd, like the Foucault
pendulum, which means the system can work not only as a
rate gyroscope but also as a whole angle gyroscope.
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Figure 2: Control diagram of gyroscope.

Figure 2 shows the detailed description of the control
system diagram. The CW/CCW mode separator consists of
CW and CCW detectors. The signal processing procedure
of which is based on synchronous detection as illustrated in
Fig. 3. The phase of each mode, 6., or 6., is kept at
each resonance point using the standard PLL technology. A
numerical controlled oscillator (NCO) generates both X and
Y drive signals with a phase difference of 90° to excite each
of CW or CCW mode.

The angular rate can be obtained by the frequency
difference between two modes as

Wcw — Weew
Q= —— 6
T (6)
and the rotation angle can be obtained as
1 A
O=_tan ! [ = 7
ke (Ay> 7 @

where A, and A, are X and Y oscillation amplitudes,
respectively.

EXPERIMENT
Experimental setup

Figure 4 shows an experimental setup. We used
a highly mode-matched ring resonator (SGHO3, Silicon
Sensing Systems, UK). The resonance frequency was 14
kHz and the mode mismatch was as small as 2 ppm. The
resonator was fixed on a rate table. The temperature of which
was controlled by a feedback controlled Peltier element.
Two digital lock-in amplifiers (UHF-LI, Zurich Instruments
Ltd., Switzerland) were used for both CW and CCW PLLs.
Resonator output was measured by an oscilloscope and the
oscillation direction was calculated according to Eq. (7).

FM mode operation

Figure 5 shows the measured X and Y amplitudes of
the resonator. When only the CW or CCW mode PLL was
activated, the resonator showed circular trajectory with £90°
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Figure 3: Signal processing procedure of (a) CW and (b)
CCW detectors.
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Figure 4: Experimental setup.

phase difference between X and Y oscillation (Fig. 5(a)-(d)).
When both CW and CCW mode PLL were activated, the
resulting oscillation was linear shape as explained by Eq. (3),
i.e. the phase difference between X and Y was 0° or 180°
(Fig. 5(e), ().

Figure 6 shows the measured frequencies of both CW
and CCW modes at 25°C and 75°C. Both CW and CCW
mode frequencies were almost identical when no rotation
applied (Q = 0). When positive angular rate (Q > 0) was
applied, CW and CCW resonant frequencies respectively
increased and decreased by the same amount, and the
negative angular rate induced the opposite frequency change.
Due to the temperature dependency of silicon, the resonance
frequency changed with temperature, but the frequency
difference between CW and CCW had no temperature
dependency. Figure 7 shows the relationship between the
frequency difference (A® = Ocw — Occw = 27 (fow — feew))
and applied angular rate (2). The frequency difference
linearly changed according to the applied angular rate with
a proportional factor (i.e. the scale factor) of 0.724.

Figure 8 shows the scale factor under various
temperature conditions. The measured temperature
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Figure 5: Oscillation amplitude of resonator driven by (a,
b) only CW mode PLL, (c, d) only CCW mode PLL and (e, f)
both CW and CCW mode PLLs, simultaneously.

coefficient was almost zero including £26 ppm uncertainty
without any compensation.

Whole angle mode operation

Figure 9 shows the X and Y amplitudes of the resonator
with the angular rate of 1.74 rad/s. As shown in Fig. 9
(b)-(e), X and Y oscillations were in-phase (phase difference
was 0° or 180°), which means the linear oscillation was
stably excited by the superposed CW and CCW modes. The
sinusoidal change of the amplitude (Fig. 9 (a)) indicates that
the oscillation direction linearly changed with time, and that
the system worked as the whole angle gyroscope.

Figure 10 shows the time history of oscillation direction,
6 = tan !(A,/A), under the angular rate of £1.74 rad/s.
An excellent linear relationship between oscillation direction,
0, and applied rotation, ® = [ Qd¢, was observed. By linear

regression fitting, the rate of direction change is obtained as

de
a = 1.26 [rad/s]. Thus, the scale factor of whole angle

mode is obtained as k = 0.724, which is the same value with
the FM mode result.

Compared with the previous reported whole angle
gyroscopes, our method has the following advantages. The
linearity is excellent even when no compensation technique
is applied [5, 6]. The PLL does not lose lock state at specific

1120

(@)
13786.5
< 13786.0
<)
z
=
Q
= d
IS3
I : B
B 137855 —: o
P Q0=2.09 [rad/s]
| Q=-2.09 [rad/s]
13785.0 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘
0 10 20 30 40 50
time (s)
(b)
13765.5
< 13765.0
<23
by
5
=
g s
K 137645 — 1 [
i <_. Q=2.09 [rad/s]
Q=-2.09 [rad/s]
37640 I R P
0 10 20 30 40 50

time (s)

Figure 6: CW and CCW resonant frequencies at (a) 25°C
and (b) 75°C.
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Figure 7: FM output (frequency difference) under different
input rate.

oscillation directions [6]. The oscillation can be excited

continuously [7].

CONCLUSION

A single resonator FM/whole angle gyroscope system
using a CW/CCW mode separator was developed. The FM
mode operation showed excellent linearity between measured
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Figure 8: Temperature dependency of scale factor.

frequency difference and applied angular rate. The scale
factor was 0.724 with almost zero temperature coefficient
with £26 ppm measurement uncertainty. The whole angle
mode operation showed excellent linearity between measured
oscillation direction an applied rotation angle with the same
scale factor of 0.724. The proposed control system is
promising for a navigation grade MEMS gyroscope.
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Figure 9: Oscillation amplitudes of both X and Y axis.
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Figure 10: Measured oscillation direction, 0, under the
angular rate of (a) 1.74 rad/s and (b) —1.74 rad/s.
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