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Abstract: Micro-gyroscopes using micro-electro-mechanical system (MEMS) and micro-opto-
electro-mechanical system (MOEMS) are the new-generation and recently well-developed
gyroscopes produced by the combinations of the traditional gyroscope technology and
MEMS/MOEMS technologies. According to the working principle and used materials, the
newly-reported micro-gyroscopes in recent years include the silicon-based micromechanical
vibratory gyroscope, hemispherical resonant gyroscope, piezoelectric vibratory gyroscope,
suspended rotor gyroscope, microfluidic gyroscope, optical gyroscope, and atomic gyroscope.
According to different sensitive structures, the silicon-based micromechanical vibratory gyroscope
can also be divided into double frame type, tuning fork type, vibrating ring type, and nested ring type.
For those micro-gyroscopes, in recent years, many emerging techniques are proposed and developed
to enhance different aspects of performances, such as the sensitivity, angle random walk (ARW), bias
instability (BI), and bandwidth. Therefore, this paper will firstly review the main performances and
applications of those newly-developed MEMS/MOEMS gyroscopes, then comprehensively
summarize and analyze the latest research progress of the micro-gyroscopes mentioned above, and
finally discuss the future development trends of MEMS/MOEMS gyroscopes.
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1. Introduction high performance large-scale gyroscopes, with
the emergences and developments of

As a device for measuring the angular rate of = micro-electro-mechanical system (MEMS) and
moving objects, the gyroscope is widely used in micro-opto-electro-mechanical system (MOEMS)
civil and military areas, such as aerospace, technologies, a new  generation of the
automobile, consumer electronics, ship navigation, micro-gyroscope based on such MEMS/MOEMS

and guided ammunition [1-5]. Motivated by technologies has become one of the focused
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development directions in the academic and
industrial areas [6—9]. MEMS/MOEMS gyroscopes
have developed rapidly since the Draper Laboratory
produced the first non-rotor silicon micromechanical
gyroscopes in 1988 [10]. In the past several years,
with the continuous developments of MEMS/
MOEMS processing technologies, the performances
of silicon MEMS/MOEMS gyroscopes based on
different principles, structures, and materials have
been greatly improved, mainly including the
mechanical micro-gyroscopes based on Coriolis
principles or angular momentum conservation, and
optical gyroscopes based on the Sagnac effect. The
previous reported reviews [2, 3, 6-10], however,
only focused on the traditional MEMS gyroscopes
and there is no discussion on the emerging MOEMS
gyroscopes. Therefore, this review paper will
summarize the latest research progress of
MEMS/MOEMS gyroscopes and discuss some

development trends.

2. Main performance indexes of micro-
gyroscope

Before the on micro-

gyroscopes, the

progress analysis

main performance indexes,
including the bias instability (BI), angular random
(ARW), factor (SF), dynamic
measurement bandwidth, and
anti-interference, should be clarified according to
[11-15].

Specifically, the two most important parameters for

walk scale

range,

the different application environments

the inertial navigation applications are the BI and
ARW. The BI represents the accuracy of the
gyroscope for a long time, which reflects the change
of the bias with time after the gyroscope is
electrically stabilized, related to the flicker noise.
And the ARW represents the accuracy of the
gyroscope in a relatively short time, related to the
thermo-mechanical white noise, which results in a
zero-mean error with a standard deviation. Besides,
the SF,
correlation coefficient between the output and input

also named sensitivity, is the linear
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angular rate. A large SF can suppress the noise and
interference to achieve a higher signal-to-noise ratio
(SNR). Improving the mechanical quality factor can
increase the SF, but it also results in a smaller
bandwidth. Moreover, in general, a gyroscope with
the proper dynamic measurement range (or
full-scale range) is selected because the relative
accuracy of a sensor is constant; theoretically the
better ARW and larger SF will result in the smaller
dynamic measurement range. That means that not all
the performance indexes can be improved at the
same time, and generally the researchers need to
find a trade-off point based on different application
requirements. On the other hand, although the
gyroscope is a sensor that measures the angular rate
and angular vibration, too much impact from the
outside will cause it to fail. For example, one
parameter named the shock range means the largest
acceleration range bearable by the gyroscope.
According to the key parameters mentioned
above, gyroscopes can be generally divided into
three grades: rate-grade, tactical-grade, and
inertial-grade, which correspond to low precision,
medium precision, and high precision performances,
respectively. Specifically, the rate-grade gyroscopes
are mainly used in the consumer -electronics,
automobile navigation, and other occasions. And
tactical-grade gyroscopes are mainly used in the
aircraft navigation, attitude positioning, and other
fields, which require both short-term and long-term
accuracies. Moreover, inertial-grade gyroscopes are
often used in the navigation, satellite positioning,
scientific survey, and other fields, which require the
ultra-high precision. The conventional definitions of
performance indexes for different levels of these
micro-gyroscopes can be referred to Table 1 [16].
Generally, MEMS/MOEMS gyroscopes can be
divided into electrostatic driving [17], piezoelectric
driving [18], and electromagnetic driving [19], in
terms of the driving methods; and can be divided
into capacitance sensing [20], current sensing [21],

resistance sensing [22], frequency sensing [9], and
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tunnel effect sensing [23], in terms of the sensing
methods; and also can be divided into vibration
type [24] and
structure difference.

rotor type [25], from the
The vibration-type silicon
micro-gyroscope can also be further divided into
linear vibration [26] and angular vibration [27].
More specifically, according to the principles and
sensitive structure, the vibration-type silicon
micro-gyroscope can be divided into the double
frame type [28-41], tuning fork type [42-70],
micro-hemisphere resonance type [71-86], vibration
ring type [87-94], [95-116],

piezoelectric vibration type [117-129], suspended

nested ring

rotor type [130-136], optical gyroscope [137-149],
and atomic gyroscope [150—-166], as shown in Fig. 1.

Table 1 Performance index range of micro-gyroscopes with
different precisions [16].

Parameters Rate-grade  Tactical-grade Inertial-grade
Bias instability (°/h) 10-1000 0.1-10 <0.01
ARW (°/h'?) >0.5 0.5-0.05 <0.01
Scale factor (%) 0.1-1 0.01-0.1 <0.001
Bandwidth (Hz) >70 100 100
Full scale range (°/s) 50-1000 >500 >400
Shock range [g (N/kg)] 10° 10°-10* 10°

Fig. 1 Summary of MEMS/MOEMS gyroscope classifications.
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3.Research progress of MEMS mechanical
gyroscopes

The MEMS/MOEMS mechanical gyroscope is
mainly based on the Coriolis effect to measure the
angular rate or vibration [8, 9], including the double
frame type, tuning fork type, micro-hemisphere
resonance type, vibration ring type, nested ring type,
and piezoelectric vibration type. The simplest
geometry structure consists of a mass, which is
driven to vibrate along a drive axis and secondarily
vibrate along the perpendicular sense axis due to the
Coriolis effect, as shown in Fig.2(a) [167]. In a
coordinate system rotating at an angular rate o, a
mass m vibrating (or moving) with a velocity v
experiences a Coriolis force:

F.=-2m(wxv).
Specifically, the angular rate or vibration acting on
the MEMS gyroscope is converted into the
displacement of the test mass of the sensitive
structure based on the Coriolis effect. Then, the
sensed displacement is converted into the output
electrical signal through the transducer structure.
Finally, the angular rate or vibration can be
calculated through the corresponding signal
processing circuit. Besides, the MEMS/MOEMS
mechanical gyroscopes work in a similar way as the
traditional conventional gyroscope to directly
measure orientation instead of the angular rate based
on the angular momentum conservation principle, as
shown in Fig.2(b) [167], such as the suspended rotor
micro-gyroscope. The conservation of angular

momentum leads to the wheel resisting the
orientation changes, and then the angles between
adjacent gimbals will change and can be measured

by angle pick-offs.
3.1 Double-frame micro-gyroscope

3.1.1 Double-frame MEMS micro-gyroscope

The double-frame micro-gyroscope is usually

a single sensitive test mass, which can be

divided into the un-decoupled structure [28-30],
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single-decoupled structure [31-37], and
double-decoupled structure [38—41] according to
whether it is decoupled between the drive mode and
sense mode. In 1991, P. Greiff et al. [28] from the
Draper Laboratory produced the first non-rotor
silicon dual-frame micro-gyroscope sample. The
driving plate drives the outer frame by the
electrostatic force at a constant amplitude, and the
vibration is transmitted into the inner frame by the

rigid connecting shaft, making the inner and outer

Sense axis

Drive axis

(@

Photonic Sensors

frames vibrate along the driving axis at the same
frequency. When an angular rate is given along the
rotation axis, due to the Coriolis force, the sensing
mass located in the central squeezes the sensitive
electrode plate, and then the amplitude of
the internal frame is detected by measuring the
change of the electrode capacitance. The sensing
noise limit for such kind of gyroscope is 4°/s/Hz"*
at the 1-Hz bandwidth, corresponding to the ARW of

240°/h'">.

Gimbals

Angle
pick-offs
(b)

Fig. 2 Vibrating mass gyroscope (a) and a conventional mechanical gyroscope (b) [167].

Based on the firstly reported micro-gyroscope
in 2000, S. E. Alper [29] proposed a dual-frame
gyroscope based on the standard three-layer
polysilicon surface micro-machining technology,
and its structure is shown in Fig.3(a). The gyroscope
provides larger driving and sensing capacitance
output values to improve the sensitivity, and the
resonant frequencies of the driving and sensing
modes to be controlled by the electrostatic force.
When the frequency mismatch between the two
modes is 4.65%, the circuit can detect a change
of 0.1fF, and the sensitivity is up to 45mV/fF.
In 2005, K. Maenaka, et al. [30] proposed a new
double-circular and dual-frame gyroscope, with two
independent coils attached to its internal and
external frames, which were vertically supported by
two torsion rods, as shown in Fig.3(b). The
resolution of this gyroscope is 0.264°/h"* and

38.4°Mh' at
respectively.

1-kHz and 0.1-kHz bandwidths,

3.1.2 Double-frame MOEMS micro-gyroscope

Based on the MOEMS techniques, in 2002, M.
Norgia et al. [31] firstly reported a single-mass
measuring block frame-type gyroscope by using the
optical fiber sensing method. However, it is not well
integrated. In 2018, A. Sheikhaleh et al. [32]
proposed a frame-type gyroscope with electrostatic
driving and photonic crystal sensing, as shown in
Fig.3(c). However, only simulation results show that
the structure has a working bandwidth of 200Hz, a
mechanical sensitivity Ay/AQ of 0.14nm/(°/s), an
optical sensitivity AJ/AQ of 0.051nm/(°/s), and a
measurement range of £500°/s.

On another hand, in 2016, C. Trigona, et al. [33,
34] reported a frame-type MOEMS gyroscope with
the electrostatic drive and PBG material output to



Wenyi HUANG et al.: MEMS and MOEMS Gyroscopes: A Review

detect the sensing displacement, as shown in Fig.
3(d). The comb capacitor driver makes the mass
block resonate in the vertical direction. Under the
condition of the applied angular rate, the mass block
is shifted in the horizontal direction, so that the air
gap of the photonic bandgap (PBG) material is
changed. This change in the air gap could be
detected through a subsequent change in the optical
refraction spectrum, which could be measured
detectors.  The
sensitivity of this gyroscope is 18.7mV/°/s. In 2021,

through integrated photonic
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M. Li et al. [35, 36] and K. Xie et al. [37] also
reported a frame-type MOEMS gyroscope with
electromagnetic driving and grating sensing, as
shown in Fig.3(e). The gyroscope’s proof mass is
placed in a uniform magnetic field produced by the
permanent magnets and is driven into resonance in
the x direction by the electrical magnetic field. The
induced displacement in the z axis is changed into
the light intensity of the grating sensing structure.
From the experimental demonstration, its optical
sensitivity could reach 0.09 %/nm.

®
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(d
Fig. 3 Double-frame MEMS/MOEMS gyroscopes [29, 30, 32-37].

As the first type of the MEMS/MOEMS
gyroscope made by the Coriolis force principle, the
double-frame structure has a simple configuration,
small package size, and no rotor structure, which is
suitable for low precision applications. The main
factors affecting the accuracy of this kind of
gyroscope are the resonance amplitude limit of the
test mass in the driving direction and the sensing
capacity of the transducer structure. Therefore, it is
necessary to design the connecting structure of the
test mass to improve the amplitude of driving and
sensing modes and the sensing ability of the
transducer structure.

(e)

3.2 Tuning fork micro-gyroscope

The tuning fork gyroscope is the most widely
studied type of the micro-gyroscope in recent years.
According to the number of the test mass, it can be
mainly divided into dual-test-mass and four-test-

mass structures.
3.2.1 Dual-test-mass tuning fork gyroscope

Taking the tuning fork gyroscope with the first
dual-test-mass configuration manufactured by the
Draper Laboratory in 1993, as an example, its
structure is shown in Fig.4(a) [42]. The dual-test-
mass and differential capacitor structure greatly
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improves the sensitivity of the gyroscope. The
resolution of such a gyroscope at the 1-Hz
bandwidth is 0.19°/s/Hz'?, the ARW is 0.72°h'?,
and the BI is 55°h. In 1998, M. Lutz et al. [43]
proposed another kind of tuning fork gyroscope with
the the silicon
micromechanical accelerometer to measure the

dual-test-mass structure using
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Fig. 4 Tuning fork micro-gyroscopes [42, 43-52, 69, 70].

In recent years, A. Sharma et al. [44-48]
proposed a high quality factor (Q-factor) tuning fork
gyroscope based on the silicon-on-insulator (SOI)
process, as shown in Fig.4(c). Its O-factors for the
driving mode and sensing mode are 8.1x10* and
6.4x10*, and the high Q-factors contribute to the
high resolution. As a result, at the 12-Hz bandwidth,

Mass (oscillates

Drive-coupling

Photonic Sensors

output, as shown in Fig. 4(b). It consists of a

permanent magnet, two test-mass, and two
independent accelerometers. When an angular rate is
applied to the structure, the two accelerometers will
sense the magnitude of the Coriolis force. The
sensitivity of this gyroscope is 18 mV/°/s, and the

resolution is 1.2°/h"? at the 100-Hz bandwidth.
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its sensitivity is 1.25mV/°/s and resolution is
0.01°/s/Hz"*. In 2009, they also reported a modified
tuning fork gyroscope with a better performance
[48], whose maximum sensitivity was 88mV/°/s, the
ARW was 0.003°/h'%, and the BI was better than
0.15°Mh. In 2007-2009, a multi-degree-of-freedom
tuning fork micro-gyroscope was reported, as shown
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in Fig.4(d) [49-51]. This gyroscope is coupled with
the left and right test masses in the driving direction
through an elastic beam, and its sensing mode is a
two-degree-of-freedom system. The sensitivity of
this gyroscope is 7.68 uV/°/s.

3.2.2 Four-test-mass tuning fork gyroscope

The four-test-mass gyroscope consists of four
identical single test masses, which can also be
regarded as two dual-test-mass tuning fork
gyroscopes. In 2012, a four-test-mass tuning fork
micro-gyroscope was reported [52], as shown in Fig.
4(e). In the driving direction, two test masses of
each tuning fork are coupled together by an elastic
beam. Meanwhile, the two test masses of each
tuning fork are coupled together through the frame
structure in the sensing direction. The gyroscope
operates at a mode mismatch of 5Hz with an ARW
of 26.4°/h'"”.

Quite recently, researchers have conducted a lot
of researches on tuning fork gyroscopes and
developed various tuning fork micro-gyroscopes
[53-68], such as the

micro-gyroscope reported in 2016, as shown in Fig.

z-axis four-test-mass
4(f) [67, 68]. The four test masses of the gyroscope
are coupled together through different types of beam
configurations. The left and right test masses and the
upper and lower test-masses form two tuning fork
structures, respectively. The gyroscope has a central
frequency of 6.8 kHz and a quality factor greater
than 8000 at a pressure of 30 Pa. The white noise
level or ARW of the gyroscope is 43.11°/h"? and the
Bl is 0.12°/h. And in the same year, the researchers
presented a silicon MEMS quadruple mass
gyroscope with an interchangeable whole angle,
self-calibration, and force rebalance mechanizations.
The gyroscope without a getter with a quality factor
of 1x10° reveals an ARW of 1.2°h". And the
gyroscope with a getter with a quality factor of
1x10° show a better ARW of 0.06°/h"*. The finite
element modeling for the quad mass gyroscope
resonator show the two mode-shapes characteristics

in Fig. 4(g) [69].

Page 7 of 26

In 2019, the researchers in Honeywell reported
an MEMS out-plane gyroscope suitable for platform
stabilization with an ultra-high performance,
fabricated by a similar process to the tactical-grade
fabricated the MEMS

gyroscope in a 20-pin package used in HG1930

gyroscope. Honeywell
IMU and in 28-pin in this paper shown in the upper
right of Fig. 4(h). It has achieved the ARW of
0.36°/h'"?, median bias stabilities over the
temperature of 0.2°/h—0.12°/h, and the bandwidth
greater than 300 Hz. And in Fig. 4(i), the Allan
deviation analysis of 25 ‘C bias measurement is
taken at 12.5Hz [70].

Due to their multiple-test-mass structures, the
tuning fork gyroscopes can distinguish the
displacement of the sensing direction caused by the
Coriolis force from that caused by the linear impact
interference, such as the linear acceleration through
the structure of the double test mass, thus making
the MEMS gyroscope has the possibility of the
practical application. However, the tuning fork
structure needs to be decoupled to reduce the
coupling displacement of driving and sensing modes,
and requires two identical test masses, which makes
it harder to the MEMS machining technology and
restricts the precision and performance of such kind
of gyroscopes.

3.3 Hemisphere/vibrating ring micro-gyroscope

The hemisphere and vibrating ring gyroscopes
are mainly composed of the resonant structure and
control circuit, which use two orthogonal modes of
resonator vibration, as shown in Fig.5, to sense the
angular rate based on the Coriolis force. Because of
the high symmetry of the resonant structure, the
hemisphere and vibrating gyroscopes have very
similar nature of the two modes and the strong
resistance to the random vibration due to the
temperature change and other non-ideal factors.
Therefore, it can theoretically achieve the better
performance than the previously discussed tuning
fork gyroscope. The vibration is distributed on the
resonator and has four wave belly points and four
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wave nodes, which is called the driving mode.
Another sensing mode is 45° different from the
driving mode, and its wave belly point is just the
wave node of the driving mode, and the two
vibration modes are orthogonal to each other. Under
ideal conditions, the electrode located outside the
resonator in the wvertical direction drives the
resonator to work in the driving mode, and the
sensing mode has no vibration output. When the
angular rate perpendicular to the resonator is applied,
the energy is transferred from the driving mode to
the sensing mode due to the Coriolis force. The
sensitive electrode outside the resonator calculates
the angular rate by detecting the vibration amplitude
of the sensing mode.

Resonator

Sensing mode

._.\<
-

Driving mode

Fig. 5 Operating principle of the hemisphere/vibrating ring
micro-gyroscope.

Fused-silica p-

Readout-and-
birdbath resonator

control electrodes Boundary

(d

Fig. 6 Micro-hemispherical resonant micro-gyroscope [71-79].

Photonic Sensors

3.3.1  Micro-hemispherical resonant micro-

gyroscope

The principle of this kind of gyroscope seems
quite simple, but the main difficulty of its limited
accuracy lies in the manufacture of the highly
symmetrical and smooth hemispherical resonant
structure with the high mechanical quality factor. In
2013, J. Cho et al. [71] reported a hemispherical
resonant gyroscope prototype as shown in Fig.6(a)
with the BI of 1°h and ARW of 0.106°h". The
anchor of the resonant is self-aligned to the rest of
the structure to fabricate a birdbath resonator with a
good structure. Subsequently, prototypes with better
parameters were reported in 2015, 2017, and 2020
[72—74]. The prototype in 2020 is shown in Fig. 6(b),
with the BI of 0.027°/h and ARW of 0.0062°/h'”. In
2015, the researchers described a quality factor of
over 1 million and a high-frequency symmetry of
132ppm on both wineglass modes on a fused silica
resonator at a compact size of 7mm. They could
enable batch-fabrication of high-performance fused
silica wineglass gyroscopes on a wafer surface at a
significantly lower cost than their precision-
machined macro-scale shown in
Fig.6(c) [75-76].

counterparts

A

500 pm

(©
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In 2020, the researchers from University of
Michigan reported a record-high performance from
a fused-silica micro precision shell integrating (PSI)
gyroscope shown in Fig. 6(d), which had an ARW of
0.00016°h'* and a short-term BI of 0.0014°h
without temperature compensation. And a fused
silica of the PSI gyroscope has achieved a
mechanical quality factor of 5.2 million with a
diameter of 1cm. It has the better performance with
such a small scale than the micro hemispherical
(micro-HRG)
previously. And they improved the quality factor of the
micro birdbath resonator to 8.7million at 5.897kHz
and 12.5million at 12.798kHz in 2021 [77, 78].

In 2021, the rate-integrating micro-hemispherical

resonator  gyroscope reported

resonator micro-gyroscope with the structure as
shown in Fig. 6(e¢) was produced by B. Li, et al.
[79—-86] in China. The contact edge has 16 T-shaped
test masses to increase the contact area with the
surface electrode to improve the sensitivity. The
resonance structure is processed by the high-
temperature rotary blowing technology. Moreover,
femtosecond laser etching is used to achieve
frequency matching modification with the accuracy
within 0.1Hz. The frequency difference is 49 MHz,
the BI is 0.235°/h, and the ARW is 0.0066°/h"”.

The hemispherical resonant gyroscope with the
high measuring accuracy, strong stability, reliability,
and long working life, is often used in the related
equipment in the field of aerospace. However,
because the resonance of the structure of the
processing is difficult, expensive, and bulky against
integration shortcomings, it is difficult to apply it to
the low cost of the consumption area.

3.3.2 Vibrating ring micro-gyroscope

In order to reduce the processing difficulty of the
hemispherical resonant gyroscope, the ring resonator
attracted the attention of researchers in the field of
the gyroscope. In 1994, M. W. Putty et al. [87]
proposed the first vibrating ring gyroscope as shown
in Fig. 7(a), which consists of one vibrating ring,
eight elastically supported suspension beams, one
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driving electrode, one sensitive electrode, and one
control circuit. In 2001, F. Ayazi et al. [88, 89] made
a vibrating ring gyroscope sample with the similar
structure [as shown in Fig. 7(a)] with the quality
factor of 1200, sensitivity of 200uV/°/s, bandwidth
of 1Hz, and resolution of less than 60°/h"? in a low
vacuum environment by using the high aspect ratio
combined with the polycrystalline silicon and
monocrystalline silicon micromechanical
manufacturing technology (HARPSS). After the
further improvement, a vibrating ring gyroscope
with the quality factor of 1.2x10% sensitivity of
132mV/°/s, and ARW of 0.173°/h"? is achieved [90].
In 2009, M. F. Zaman [91] manufactured a vibrating
ring gyroscope with a star structure formed as a
merged superposition of two square shells, yielding
in-plane flexural modes that are utilized to sense the
rotation along the normal axis, as shown in Fig.7(b).
In a vacuum environment, its sensitivity reaches
16.7 mV/°/s, the BI is 3.47 °/h, and the ARW is
0.09 °/h"*. The prototype is implemented with the
65-pm-thick trench-refilled polysilicon structural
material by the HARPSS process.

In the beginning, the research on the vibratory
ring gyroscope mainly focused on the theoretical
analysis and simulation design. Until 2010, D. Chen
et al. [92] developed a vibrating ring gyroscope with
the design, fabrication, package, and test, which had
the strong impact resistance (over 10000g), as
shown in Fig.7(c). This ring is electrostatically
driven, capacitively sensed, and stiffness controlled
using 16 electrode anchors inside the ring to achieve
resonant frequent balancing. And the researchers
also reported a new method to fabricate the vibrating
ring gyroscope through simple all-silicon high
aspect ratio microfabrication technologies with only
2 masks. Under vacuum conditions, the quality
factor is about 2.2x10*, the sensitivity is 1.5mV//s,
and the ARW is 3°/h'”. In 2015, S. Yoon, et al. [93]
designed an impact-resistant vibrating ring silicon
micro-gyroscope, as shown in Fig. 7(d). There is
a flexure, which is designed to absorb shocks
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effectively and minimize the shear stress and
tangential displacement of the ring, when it is
subjected to shocks. Its resonant frequency is 17kHz,
which could withstand 15000g of the impact force.
The BI of this gyroscope is better than 1 °/h, the
scale factor nonlinearity is better than 50 ppm, and
the ARW is better than 1°/h"2. And in 2020, Z. Li
et al. [94] reported a vibratory ring gyroscope with

89KV 871X - 188U 8016

Flexure length
& geometry

Fig. 7 Vibrating ring micro-gyroscope [87, 91, 92-94].

3.3.3 Nested ring micro-gyroscope

The vibration ring gyroscopes require a
completely symmetrical structure, and the nonlinear
dynamics of the vibration ring gyroscope is difficult
to solve. And the high cost and complex nonlinear
problems make the vibration ring gyroscope not
widely manufactured. Moreover, the nested ring
gyroscope is inherited and developed from the
vibrating ring gyroscope and hemispherical resonant
gyroscope. Based on the Coriolis force, the nested
ring gyroscope is composed of multiple resonant
rings with increasing radius as the sensitive structure

and a large number of electrodes placed between the

Photonic Sensors

different structures manufactured by the deep
reactive ion etching technology, as shown in Fig.
7(e), with the ARW of 0.776°/h"? and BI of 8.86°/h.
And the reported structure achieved relatively high
linearity by using the combination hinge and
variable-area capacitance strategy instead of the
variable-separation

conventional approach via

drive/sense strategy.

resonant rings. Compared with the vibrating-ring
gyroscope, the circular symmetrical structure not
only has the ability to resist the external impact
interference, but also increases the mass of the
sensitive structure through multiple resonance rings.
Moreover, a large number of built-in electrodes
improve the ability to drive the test-mass.

As early as 2003, Boeing Company and Jet
Propulsion Laboratory proposed the nested ring
gyroscope. In 2008, it was reported that the BI of the
gyroscope could reach 0.25°h [95] and obtain
0.01°/h contributed by its error compensation and
temperature control in 2016 [96, 97], as shown in
Fig. 8(a). And in 2009, a nested ring gyroscope
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based on the single crystal was designed [98—101]
[98-101] designed a nested ring gyroscope based on
the single crystal. The structure of the gyroscope is a
quality bonding pad on the outer ring, which could
tune the frequency by means of filling solder
leveling to offset the manufacture of frequency
deviation. And the BI of the structure is 0.11°/h. In
the same year, T. H. Su et al. [102] used the
EPI-Ploy process to manufacture a nested ring
gyroscope with a central anchor point structure. Its
quality factor is about 5x10* and its BI is 3.29°/h.
And D. Senkal et al. [103] used the epitaxial silicon
encapsulation (EpiSeal) process to manufacture a
nested ring gyroscope with a four-side anchor point
structure, with a quality factor of up to 1x10° and a
BI of 0.65°/h.

On another hand, the researchers focused on
different shapes of the nested ring gyroscope
[104—-110]. For example, the cobweb-like disk
resonator gyroscope (DRG) is a duplication of the
stiffness mass decoupled DRG reported in 2016
[107, 109], which for the first time provided a
long-decay design method for the DRG. The design
improves the performance because the decay time is
the key to the stability of MEMS gyroscopes (in the
case of no temperature control). The first BI of the
stiffness mass decoupled DRG was 0.08°/h [105]
that was reported in 2018, which was further
improved to 0.04°/h [Fig. 8(b)] [106]. In 2018,
B. Fan et al. reported a 16-face cobweb-like nested
ring gyroscope, which consisted of 10 concentric
16-sided cobweb rings connected through
8 alternating spokes to a single central anchor [110].
After fabricated to silicon fusing bonded process and
hermetically vacuum sealed by using a wafer-level
packaging process, the frequency difference between
the driving and sensing modes of the gyroscope is
only 0.56 Hz, the quality factor is 1.13x10°, the bias
stability is 0.1°/h, and the angle random walk
reaches 0.005°/h"?.
researchers reported a new type of the nested

In the same year, some

ring gyroscope with the high immunity, which
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contributed to the mode-matching conditions [104].
The new structure no longer uses the nested ring
structure, but a honeycomb-like disk structure. The
model (left) and working modes (right) of the
honeycomb disk resonator gyroscope (HDRG) are
shown in Fig.8(c). And the researchers described a
high performance MEMS HDRG in 2021 with the
BI of 0.015°/h and 120 ppm in the range of £300°/s
[111] and a rate-integrating HDRG with the
0.038°/h BI and +7000°/s measurement range [112].
The design of the HDRG achieves stiffness-masses
decoupling by hanging lumped-masses on the
resonator. And the design could reach a much lower
resonant frequency to get a higher thermoelastic
quality factor and achieve the high quality factor of
around 6x10°. And the small size makes the
transduction efficiency relatively low for an MEMS
disk gyroscope with a very large capacitive area,
which contributes to very low electronic noise. The
stiffness-mass-decoupling strategy is employed to
obtain the high stability. The bare honeycomb
structure  without  stiffness-mass  decoupling
could only provide the BI of 89°h [108].
Exploiting the measurements of an HDRG, the
researchers proposed a novel strategy for MEMS
gyro-compassing in 2022, which greatly improved
the compactness and reliability of north-finding
systems and proved the possibility of eliminating the
need for the physical rotation of MEMS gyroscopes
[113].

Moreover, based on the MOEMS techniques,
in 2020, D. Xia et al. [114-116] reported an
electrostatically driven MEMS gyroscope with the
nested ring structure and detected by the whispering
gallery mode (WGM) mode, as shown in Fig. 8(d). It
replaces the original capacitance sensing structure
with the WGM resonator and measures the resonant
wavelength shift due to the WGM cavity
deformation. The obtained BI of this MOEMS
gyroscope is 4.0399°/h and the ARW is
0.4326°/h'".
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Fig. 8 Nested ring gyroscope [97, 106, 111, 114].

The nested ring gyroscope has the advantages of
anti-interference and the high quality factor of both
the vibratory ring gyroscope and hemispherical
to be
manufactured with the low cost. Therefore, it has a

resonant gyroscope, and it is easy

great potential for being a high-precision
MEMS/MOEMS gyroscope.

gyroscope still has some problems to be solved, such

However, such a
as the complex structure, too many parameters that
should be optimized, difficult simulation, and
difficult to analyze the noise performance from
theoretical modeling.

3.4 Piezoelectric vibrating micro-gyroscope

The piezoelectric vibration micro-gyroscope can
be divided into the piezoelectric ceramic vibration
micro-gyroscope, solid acoustic micro-gyroscope,
and quartz micro-gyroscope according to different
solid
micro-gyroscope can be further divided into the

materials, among which the acoustic

surface acoustic wave (SAW) micro-gyroscope

Photonic Sensors

Type I1-B][©)  Type I1-C|
T |

Type II-A| )

\\ 4
M=

(b)

!
‘Waveguide

and volume wave (BAW) micro-gyroscope.
Compared  with  the traditional vibration
micro-gyroscope, the piezoelectric  vibration

micro-gyroscope does not need to have the angular
rate sensitive device and elastic structure of the
whole movement, so it has strong impact resistance
and vibration resistance, and does not need vacuum
encapsulation.

Specifically, in 2006, K. Maenaka et al. [117]
reported a new piezoelectric ceramic vibration
which
zirconate titanate prism with electrodes and a

micro-gyroscope, consisted of a lead
measurement and control circuit. It uses the inverse
piezoelectric effect to excite the vibration and the
piezoelectric effect to detect the angular rate signal.
In 2009, Y. Lu et al. [118, 119] proposed a two-axis
piezoelectric ceramic vibration micro-gyroscope
with the high impact resistance, as shown in Fig.
9(a). The piezoelectric prism is still used as the main
structure and the reference vibration frequency
reaches 260kHz.
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Fig. 9 Piezoelectric vibrating micro-gyroscope [118, 119, 125, 127-129].

The

suspension structure, which has the advantages of

SAW  micro-gyroscope also has no
the excellent shock resistance, wide dynamic range,
and low power consumption. In 1997, M. Kurosawa
[120] produced the
Equal-spaced metal points are inserted in the middle
of the double-ended SAW resonator, which excites
SAW standing waves in the vertical direction. Then,
in 1999, V. K. Varadan et al. [121-124] used this
design idea to produce an SAW micro-gyroscope

et al. SAW  gyroscope.

prototype using the standard IC process and
obtained the 0.038°/s/Hz"? resolution. However, the
output signal of the SAW micro-gyroscope based on
the standing wave mode is too weak, which is hard
to be used in practices. Moreover, the SAW
micro-gyroscope based on the traveling wave
mode has made considerable progress. In 2012,
H. Oh et al. [125] produced a biaxial SAW
micro-gyroscope in the traveling wave mode, which
was composed of two layers of single-axis
gyroscopes placed orthogonal. Figure 9(b) shows the
micro-gyroscope structure [125]. The test results
show that the sensitivity of the gyroscope is

0.907Hz/°/s in the sense mode and 0.837Hz/°/s in

SAW absorber

~

Light analyzer SAW
i /Lxgh[wavegmde

‘ LiNbO: substratz

(©)

the drive mode.

The other kind of solid acoustic micro-
gyroscope, the BAW gyroscope, is a new gyroscope
developed in recent years. Its bulk sound wave is
mainly generated by applying an alternating field on
a piezoelectric single crystal sheet or piezoelectric
film to

resonance along the thickness direction to obtain the

stimulate fundamental or harmonic
high frequency bulk sound wave. In 2006, H. Johari
et al. [126] used the HARPSS technology to
manufacture the first BAW gyroscope on the SOI
substrate. Its operating frequency is 5.9MHz, the
quality factor exceeds 2x10°, and the measured
sensitivity reaches 190 uV/°/s. In 2010 and 2013, the
structures as shown in Figs. 9(c) and 9(d) were
developed [127, 128], and their sensitivity
reached 15uV/°/s and 20.38uV/°/s, respectively.
The researchers reported a high-frequency resonant
square micro-gyroscope using the piezoelectric
transduction, which degenerated pairs of orthogonal
flexural resonance modes to provide energy
exchange paths in 2013.

Moreover, in 2010, S. X. Lu et al. [129] reported

an MOMES gyroscope for extracting SAW
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gyroscopic effect signals using the Bragg diffraction
of acoustic waves on light, as shown in Fig. 9(e).
The method is to couple the rotational velocity
information in the acoustic medium to the light and
obtain the angular rate signal by measuring the
change in the light intensity. The gyroscope has a
sensitivity of 12uV/°/s and a measurement range of
0-400°/s.

3.5 Suspended rotor micro-gyroscope

Although the suspended rotor micro-gyroscope
is manufactured based on the MEMS processing
technology and packaged in chips for wider
applications, the physical operating mechanism is
still based on the angular momentum conservation
rather than the Coriolis effect. Specifically, the
suspended rotor micro-gyroscope can be divided
into the electrostatic suspension and magnetic
suspension. Maintaining the rotor at the zero-
shell by the
electromagnetic force and high speed rotation, the

equilibrium position of the

gyroscope measures the input angular rate with the
help of the torque rebalancing principle.

In 2003, T. Murakoshi et al. reported the
first electrostatic  suspension five-axis rotor
micro-gyroscope with closed-loop control. Using
capacitive detection and electrostatic actuation
achieves rotor levitation, and the rotation of the
micro gyro is based on the principle of a planar
variable capacitance motor. Its structure is shown in
Fig. 10(a) [130], in which the ARW is 0.15°/h">
And an improvement in the performance was
reported in 2005 [131] with the angle random walk
of 0.085°/h'%. Moreover, in 2012, T. Terasawa et al.
used the pulse-width modulation (PWM) wave to
realize electrostatic suspension, which was equipped
with the full digital orthogonal frequency division
multiplexing (OFDM) sensing technology to solve
its multi-channel carrier [132]. The test results show
that the ARW is 1.8°h"”. In 2012, F. T. Han et al.
[133] from China also proposed an electrostatic
suspension micro-gyroscope with a spin ring rotor,

and the structure is shown in Fig. 10(b). Considering

Photonic Sensors

the actual negative spring effect in rotor dynamics,
the dual-axis torque-rebalance loop is designed to
investigate the loop stability and explain the
experimental measurement. The BI is 50.95°/h, and
the ARW is 0.9°/h'”.

The magnetic suspended rotor gyroscope was
first proposed and produced by C. B. Williams et al.
[134] in 1997. The experimental results show that
the resolution of 24°/h'? could be obtained when the
speed of rotation is 1000rpm. In 2006, W. Zhang
et al. [135] from China proposed a gyroscope based
on an alumina rotor with independent coils, whose
prototype’s scale factor was 0.212V/°. There are
eight pieces of the sector sense electrode and the
rotor to construct a contactless capacitance
displacement sense system. And it uses a four-phase
induction micromotor to realize the rotor rotation. In
2009, G. Xue et al. [136] also proposed an inductor
and capacitor (LC) tuned magnetic suspended rotor
gyroscope and its structure is shown in Fig. 10(c).
There was a 6-pole and 3-phase star, which has
6 coils surrounded by the 8-pole rotor. Whenever the
rotor is displaced, a transformation of the difference
between the upper electromagnet voltage and the
under electromagnet voltage is measured. And the
suspend rotor could spin at a high speed of
12000rpm.

By means of -electrostatic suspension and
magnetic suspension, the suspended rotor micro-
gyroscopes eliminate the supporting shaft structure
required by the traditional mechanical rotor
gyroscope to greatly reduce the mechanical friction
of the rotor and greatly improve the accuracy.
Moreover, the floating rotor has a very high degree
of freedom and can measure the three-axis
acceleration and two-axis angular rate simultaneously,
so it has a great advantage in the integration of the
inertial measurement unit. However, the rotor
micro-gyroscope is not widely used because of the
difficulty of manufacturing, the high requirement of
feedback control and tuning circuit, and the rotor

heat deformation made by the eddy current effect.
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Fig. 10 Suspended rotor micro-gyroscope [130, 133, 136].

4. Research progress of MEMS/MOEMS
gyroscope based Sagnac effect and
nuclear magnetic resonance

4.1 Principle of traditional optical gyroscope

Regularly, optical gyroscopes use the Sagnac
effect to measure the angular rate of rotation [137,
138]. As shown in Fig. 11, the dashed line and solid
line are the paths taken by the beam traveling in the
rotation direction and traveling against the rotation.
When the circular optical path has a rotational
angular rate relative to the inertial space, there is a
difference between the direct and inverse optical
paths, and the optical path difference AL is
proportional to the angle 8. Therefore, the change in
the angular rate can be obtained by measuring the
change in the optical path difference.

Conventional optical gyroscopes can be divided
into ring laser gyroscopes [137] and fiber optic
gyroscopes [130] according to their Sagnac effect
sensitive structures. The laser gyroscope is needed to
make the gyroscope with its own inherent frequency
jitter circuit do small angular vibration. If the
gyroscope rotates, the fringe movement will be
generated at the prism, and the angular position
and angular rate signal of the gyroscope can be
obtained by detecting and processing the fringe

movement.
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Fig. 11 Sagnac effect [167].

Another kind of optical gyroscope is the fiber
optic gyroscope (FOG). According to its working
principle, it can be divided into the interferometric
fiber optic gyroscope (IFOG) [139], resonant fiber
optic gyroscope (RFOG) [140],
scattering fiber optic gyroscope (BFOG) [141],
fiber optic
gyroscope technology is the most mature and widely

and Brillouin

among which the interferometric
used. The circular optical path required to produce
the Sagnac effect is formed by the fiber loop wound
by the n-loop fiber. The larger radius results in the
longer total length of the fiber and the higher
measurement accuracy of the gyroscope. Fiber optic
gyroscopes manufactured by Honeywell are at the
world’s leading level [142]. This product is specially
applied to the workspace and stable platform
requiring long life and low noise and can work
continuously for 15 years accurately with the BI
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between 0.002°/h and 0.004°/h and ARW of
0.003°/h"*.  The
interferometric fiber optic gyroscope products have
the bias stability of 0.0002°/h—0.0006°/h. In 2013,
Stanford
demonstrated that by driving an FOG with a laser of
relatively broad linewidth (10 MHz), the BI of the
FOG is 1.1°/s and the ARW is 0.058 °/h'”* [143].
Compared with the vibratory gyroscope, the

company’s  strategic  grade

the researchers from University

optical gyroscope has no movable structure.
Therefore, the advantages of the optical gyroscope
include the long service life and strong anti-jamming
capability. However, its large structure size and high
cost make that its application in the field of the
consumer electronics is restricted. So trying to use
the MOEMS technology to reduce the volume of the
optical gyroscope and production costs becomes the

key research direction.

4.2 MOEMS optical gyroscope

Low light-level MOEMS optical gyroscopes can
be divided into the resonant type and interference
type. MOEMS
gyroscopes are mainly realized by fabricating

Specifically, resonant optical
optical waveguide resonators on silicon wafers.
MOEMS

gyroscopes replace optical fibers by means of the

Moreover, interferometric optical
optical waveguide or micromirror array. Its working
principle is the same as the traditional optical
gyroscope, which uses the Sagnac effect to detect
the angular velocity. It is an attempt to miniaturize
the laser gyroscope and fiber optic gyroscope.

In 2000, the U.S. Air Force Institute of
Technology [144] proposed an interferometric
MOEMS gyroscope. As Fig.12(a)
gyroscope uses eight micro-mirrors manufactured by

shows, the

the MEMS technology to construct two optical loops
over a small area to enhance the Sagnac effect. The
gyroscope mainly focuses on the simulation and
proof-of-concept stages, and the sensitivity of the
prototype could reach 0.6761°/s. In 2006, H. Liu
[145]

et al. reported another four-micromirror

Photonic Sensors

interferometric MOEMS gyroscope, as shown in Fig.
12(b). A spatial helical optical structure composed of
micromirrors is designed. Light traveled in the free
space, which could reduce wastage. Based on the
theorem proving experiment, the Sagnac effect is
proved and the BI of the gyroscope is 8°/s [145].
And North University of China [146, 147] reported
an MOMES gyroscope based on the planar
micro-disk cavity and its planar micro-disk
resonator structure in 2010. The laser is coupled to
the micro-disk cavity through the Y-waveguide,
traveling  clockwise  and  counterclockwise,
respectively, as shown in Fig. 12(c). The Sagnac
effect is used to measure the angular rate. The
diameter of the cavity is only 50 um—60um, and the
quality factor is 4.8x10°. In 2012, W. Sa-Ngiamsak
et al. [148] proposed a new MOMES gyroscope
comprised of the modified add/drop filter known as
the Panda ring resonator, where the optical path
length had been enhanced utilizing the panda ring,
as shown in Fig.12(d). Simulation results show that
phase difference as a function of the angular rate
based on the Sagnac effect could be achieved. In
2016, the researchers

concept that double mirrors are used to reduce the

[149] developed a new

influence of alignment errors, as shown in Fig. 12(e).

By means of silicon direct bonding and
consequently from 120° double mirrors, two similar
structured wafers are connected. It allows the
minimization of the influence of alignment errors by
the use of double mirrors.

The Sagnac effect based optical gyroscopes have
the good performance of the Bl and ARW, but the
large size and high cost of the traditional optical
gyroscopes restrict the wide application. The
MOEMS optical MEMS

technology to process the key structure of the optical

gyroscope uses the

gyroscope, which not only retains the performance
advantages of the optical gyroscope, but also
reduces the cost and size. The key problem of the
MOEMS optical gyroscope is how to design the
optical resonator as long as possible with the high
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quality factor in the limited chip area to enhance the
Sagnac effect. This technology route has become a
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research hotspot due to its potential for small size,
low cost, and high precision.
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Fig. 12 MOEMS optical micro-gyroscope [144-149].

4.3 MEMS/MOEMS atomic gyroscope

The atomic gyroscope generates the specific
spectral signal due to the external angular rate. It can
be divided into two kinds of gyroscopes: atomic
interference gyroscopes [150-158] based on the
atomic interference using the Sagnac effect and
nuclear magnetic resonance gyroscopes [159-166]
based on the atomic spin effect. Both gyroscopes
have a potential for achieving high precision and
small size in theory.

The
gyroscope based on the Sagnac effect of the matter

atomic interference gyroscope is a
wave. Since the length of the matter wave is
3x10*times that of the visible light wave, according
to the theoretical formula of the Sagnac effect, it can
be concluded that the theoretical accuracy of the
atomic interference gyroscope is 6x10'times higher
than that of the optical gyroscope. In 1997, Stanford
University the

gyroscope based on the thermal atom beam and

reported atomic interference

Output port 2

developed an atomic interferometer, which used
two-photon velocity selective Roman transitions to
keep atoms in ground states, as shown in Fig. 13(a).
The short-term sensitivity of the atomic gyroscopes
is as high as 2x10 *rad/s/Hz"* and has the promising
the
1x10°rad/s/Hz"* by straightforward improvement

potential for increasing performance to
[150]. They reported improvements to their atomic
gyroscope in 2000, including the implementation of
counterpropagating atomic beams and electronic
rotation rate compensation to achieve a factor
of 30times increase in the short-term sensitivity
to 6x10'°rad/s/Hz' [151], as shown in Fig. 13(b).

In 2020, Cornell University [152] reported the
method

interference gyroscope for atom capture using the

implementation of a new atomic
micro-nano optics technology, as shown in Fig. 13(c),
with shot-noise limited rotation
0.0028°Mh'?. The

magnetic resonance (NMR) gyroscope is far better

sensitivity of
development of the nuclear

than the development of the atomic interference
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gyroscope. Detecting the atomic spin magnetic field
outside the Larmor frequency shift to determine the angular
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rate without moving parts, is one of the developing
directions of the next generation of the gyroscope.

T. L. Gustavson et al.

Silicon nitride waveguide

Fig. 13 MEMS/MOEMS atomic gyroscope [150-152].

The atomic laser gyroscope (ALG) based on the
atomic chip may be the final direction of the cold
atom gyroscope development [168]. The atomic chip
is a device that integrates the electric field, magnetic
field, and optical field on a small chip through the
MOEMS technology to achieve cold atom trapping
the characteristics of

and control, and has

miniaturization and high integration.
5. Conclusions and outlook

MEMS gyroscopes have developed rapidly since
showing the
MOEMS

gyroscopes have the potential for achieving higher

the first demonstration in 1988,

excellent  performance.  Moreover,
levels of performance by combining the advantages
of the MEMS and optical sensing technologies. And
the low cost, size, weight, and power (CSWaP)
become the key points to enhance the
competitiveness of inertial technology products.
Defense Advanced Research Projects Agency
(DARPA) proposed the CSWaP comprehensive

index for inertial devices and systems, which is the

1 I =
ket / (detection)
o F:% 2 /t
beam v : /
F=3 f
(2}
72 n
)
Confined soliton
Silicon nitride waveguide
product of cost, size, weight, and power
consumption. In the review, the demands of

applications and performance indexes for
MEMS/MOEMS gyroscopes

divided into several types in terms of the operation

are analyzed and

principle and structure, as listed in Table 2.

Due to the limitation of the MEMS/MOEMS
fabrication accuracy and structural design, the
performance of most micro-gyroscopes fails to reach
the theoretical noise limit. Under the framework of
the MEMS/MOEMS technology, the new generation
of the gyroscope will make breakthroughs from two
perspectives. On the one hand, we need to develop
gyroscopes based on new working principles, such
as nuclear magnetic resonance gyroscopes [166],

[168], cavity
[169-171], and
quantum enhanced gyroscopes developed by using

cold atomic gyroscopes

photomechanical  gyroscopes
the modern quantum theory. The other is to improve
the performance of the silicon micromechanical
vibration gyroscope by improving the precision of
the MEMS/MOEMS processing technology and
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designing the more reasonable driving structure,
sensitive structure, and detection structure. The
physical error of the MEMS gyroscopes is almost
inversely proportional to the decaying time constant
(inverse of the dissipation). It is important for high-
performance gyroscopes to prolong the decaying
time constant (or improve quality factor) [69, 76, 77,
78, 109]. And the compensation method of the
multiple gyro system can also improve the accuracy.
For example, in the MEMS inertial measurement
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unit (IMU), a multi-axis MEMS gyro redundant
configuration is adopted to improve the performance
through mutual calibration of a set of gyroscopes in
the same direction. However, the gyroscope is
adjusted at the expense of bandwidth and dynamics
to achieve the satisfactory precision. For example,
some researchers reported that the MEMS IMU
provided an excellent precision of better than
0.02°/h with the BI of 0.006°/h and ARW of around
0.003°/h'" [172].

Table 2 Typical specifications of various MEMS/MOMES gyroscopes along with their characteristics and applications.

. Angular
Coriolis force Sagnac effect
momentum
Parameter ; X - . o
Hemispherical Piezoelectric Suspended Traditional MOMES
Frame Ring o . . Atomic
resonant vibrating rotor optical optical
BI(°/h) >0.100 >0.010 <0.500 >0.100 >0.100 <0.150 >0.100 <0.010
ARW(°/h'?) >0.050 >0.005 <0.100 >0.050 >0.010 <0.050 >0.100 <0.001
Simple . i . Small,
R Strong Strong resistance Strong High degree High .
. configuration, . . . . low cost, Ultra-high
Characteristics resistance and and high resistance and and sensitivity and .
small, and low o . L and high sensitivity
low cost sensitivity simple package ~ multi-axis large -
cost sensitivity
Consumer Automobile . Aerospace,
. L . . Aerospace, ship, Aerospace and Aerospace i Research Research
Main applications electronics and and aerial o X . . ship, and
. and ammunition  aerial vehicle and ship . stage stage
automobile vehicle ammunition

As mentioned above, new principles, structures,
and processes are constantly updated and developed
to achieve higher performances. Inertia technologies

are driven by high performance, low cost, high

reliability, small size, weight, and integrated systems.

In different application scenarios, this review
believes that there are two directions for the further
development. On the one hand, the performance
limit of the traditional gyroscope is broken through
the principle innovation and special material
the other hand, the further

improvements in matching circuits, error correction,

innovation. On

and temperature control achieve high performance
and low cost in highly integrated IMUs.
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