
29948 IEEE SENSORS JOURNAL, VOL. 23, NO. 24, 15 DECEMBER 2023

Miniaturization of Interferometric Optical
Gyroscopes: A Review

Francesco Dell’Olio , Senior Member, IEEE, Teresa Natale, Yen-Chieh Wang,
and Yung-Jr Hung , Member, IEEE

Abstract—Gyroscopes are inertial sensors whose field
of application is rapidly expanding. The growing interest
in autonomous systems, CubeSats as well as their con-
stellations, and unmanned vehicles is stimulating a strong
interest in miniaturized gyroscopes for integration in inertial
units with a volume smaller than 100 cm3. Some of these
applications require gyroscopes that are highly immune to
disturbances, especially vibrations, mechanical shocks, and
radiation. In these application contexts, the use of micro-
electromechanical gyroscopes is often avoided in favor of
sensors without moving parts, such as optical gyroscopes
based on the Sagnac effect. The technology of interferometric
optical gyroscopes is currently considered to be potentially
capable of enabling the development of highly innovative
angular velocity sensors, which are simultaneously inertial grade and miniaturized. This article critically examines the
scientific and research and development activity aimed at miniaturization of interferometric optical gyroscopes, focusing
on recent results, perspectives, and physical limitations. Interferometric optical gyroscopes with dimensions similar to
those of microelectromechanical gyroscopes and better performance than the latter in terms of immunity to disturbances
have not yet been demonstrated, but this article shows how this goal could be realistically achieved in the medium term
through the use of integrated microphotonics. This article compares the technology being analyzed with the competitive
technologies, highlighting their strengths and limitations.

Index Terms— Gyroscope, interferometry, miniaturized sensor, optoelectronic sensor.

I. INTRODUCTION

GYROSCOPES are sensors with different levels of accu-
racy that are capable of measuring the angular velocity

of a body around one or more axes with respect to an inertial
reference frame [1].

They are now vastly used in numerous application fields,
including aerospace, defense, consumer electronics, robotics,
healthcare, and the automotive industry. The most traditional
application of gyroscopes, especially those with high perfor-
mance, is within strapdown inertial navigation systems (INSs)
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[2], where the gyroscopes provide accurate measurements
of angular velocity and autonomous navigation capabilities
by continuously tracking the orientation and movement of a
vehicle or a platform. In INSs, the gyroscopic measurements
are integrated over time to estimate the platform orientation
and angular displacement. These estimates are then used to
calculate the position and velocity of the vehicle through
an inertial navigation algorithm, typically employing Kalman
filtering techniques.

The main physical effects exploited in the gyroscopes
currently on the market are the Coriolis and Sagnac effects.
The former causes energy coupling between two mechanical
resonant modes only due to an applied external rotation [3].
The latter occurs when two counterpropagating light beams
travel along a closed path in a rotating frame, causing a
phase shift between the light waves [4]. The Coriolis effect
is exploited in Coriolis vibratory gyroscopes, a vast group
of sensors, including silicon- and quartz-based microelec-
tromechanical system (MEMS) gyroscopes [5], hemispherical
resonant gyroscopes (HRGs) [6], and other gyroscopes based
on high-quality metal resonators [7], [8].

MEMS gyroscopes are still not used in navigation appli-
cations due to some limitations in their performance that
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Fig. 1. Estimated BIS and IMU/INS SWaP of some for the gyroscope on the market. The star indicates the target features of an IMU integrating a
miniaturized navigation-grade gyroscope. (*) BIS estimated as one order of magnitude less than bias repeatability, i.e., the initial bias error obtained
between successive switch OFF–switch ON, at constant temperature.

are very difficult to overcome. HRGs can achieve very high
performance but are usually bulky and costly. The gyroscopes
based on the Sagnac effect that have reached the market are
the fiber optic gyroscope (FOG) [9], interferometric gyroscope
based on a long fiber coil in which the counterpropagating
beams travel, and ring laser gyroscope (RLG) [10], which is
based on a He–Ne ring laser where two resonating modes
are excited. Both the FOG and the RLG are bulk sensors
with a cost that is usually not compatible with applications
outside the inertial navigation domain. The availability on the
market of low-cost silicon-based MEMS gyroscopes based on
the Coriolis effect has triggered new gyroscope applications in
the fields of virtual and augmented reality, robotics, and the
Internet of Things, but there still exist potential application
domains, e.g., navigation and control systems of autonomous
vehicles and attitude and orbit control of CubeSats, that have
requirements that are not fully compliant with the gyroscopes
on the market. This market need motivates a research effort
aimed at filling the gap through several approaches, includ-
ing scaling of well-established bulk gyroscope technologies,
mainly optical gyroscopes and HRGs.

Gyroscopes are usually classified according to their perfor-
mance, especially in terms of the in-run bias stability or bias
instability (BIS): consumer rate grade (BIS > 100 ◦/h), indus-
trial rate grade (BIS = 10–100 ◦/h), tactical grade (BIS =

1–10 ◦/h), intermediate grade (BIS = 0.01–1◦/h), navigation
grade (BIS < 0.01◦/h), and strategic grade (BIS < 0.001◦/h).
There are numerous other parameters quantifying the gyro-
scope performance, including the angle random walk (ARW),
a measure of the sensor wideband noise, and the scale factor
stability. Navigation grade requires ARW <0.005 ◦/

√
h and

scale factor stability on the order of 10 ppm, while strategic

grade demands ARW <0.0003 ◦/
√

h and scale factor stability
of a few ppm.

Rate-grade gyroscopes are very inexpensive and extremely
miniaturized, with a volume of less than 1 cm3, while
strategic-grade gyroscopes are very bulky, and their volume is
commonly larger than several thousand cm3. Navigation-grade
gyroscopes are also typically bulky and expensive, which
prevents their application in contexts that would benefit from
their performance but have stringent requirements on cost and
size. Referring to some examples of inertial measurement units
(IMUs) or INSs on the market that have at least intermediate-
grade performance, Fig. 1 shows an estimation of both the
gyroscope BIS and the size, weight, and power (SWaP) budget
of the whole unit [11], [12], [13], [14], [15], [16], [17],
[18], [19], [20], [21], [22], [23]. As the main performance
parameter, we consider the BIS, i.e., the measure of how the
bias will drift during operation over time at a constant temper-
ature. The plot clearly highlights that miniaturized IMUs with
volume <100 cm3 and SWaP <10−4 m3

·kg·W are all based
on MEMS gyroscopes with BIS >0.1◦/h. Better performance
inevitably requires larger volumes. IMUs/INSs integrating
optical or hemispherical gyroscopes have a volume that ranges
from some hundreds of cm3 to a few tens of thousands of
cm3 and SWaP budgets in the range of 0.001–10 m3

·kg·W.
Navigation-grade IMUs/INSs have a minimum volume of a
few thousands of cm3 and a minimum SWaP budget on the
order of 0.1 m3

·kg·W.
One of the major technological advances in the last 70 years

has been miniaturization, which allows many devices and
components performing operations with different complexity
levels to be packed into a very small area at a cost an
order of magnitude lower than that of macroscopic equipment
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performing the same functions. Miniaturization is the key
driver in the exponential development of microelectronics
and nanoelectronics described by Moore’s law [24] but also
plays a crucial role in sensing technology. Sensor miniatur-
ization enables cost reduction and new applications and is
unanimously considered a crucial research and development
objective. In addition, in the field of gyroscopes, one of
the main research challenges is miniaturization. In particular,
recent research has focused on reducing the SWaP budget,
which also influences the cost of navigation-grade sensors.
Navigation-grade gyroscopes that can be integrated in IMUs
with a volume of approximately 100 cm3 and an SWaP budget
on the order of 10−5 m3

·kg·W would enable new compact
navigation systems or improve the performance of existing
systems with a vast spectrum of application domains. The
most explored way to achieve this goal is through performance
enhancement of MEMS gyroscopes, which are intrinsically
miniaturized. Considering the prototypes at the medium/low
technology readiness level (TRL), the BIS of the state-of-
the-art is on the order of 0.01◦/h (typically at constant room
temperature) [25], [26], at the border between intermediate
and navigation grades. Although the research and development
effort aimed at demonstrating and transferring to market
MEMS navigation-grade gyroscopes has been impressive,
to our knowledge, the application of such gyroscopes in real-
world INSs intended for aerospace and defense is limited to
only a few examples, especially in the field of autonomous
vehicles [27], [28].

Alternative approaches that have been explored to demon-
strate small navigation-grade gyroscopes are based on the
miniaturization of optical sensors, exploiting the Sagnac effect.
Miniaturization of navigation-grade resonant gyroscopes based
on active or passive resonators has been demonstrated to
be extremely challenging due to a wide range of physical
effects, including lock-in and mode competition in solid-
state ring lasers and backscattering and Kerr nonlinearity
in high-quality-factor passive ring resonators. Miniaturization
of interferometric optical gyroscopes, which is the topic
of this review article, is one of the most promising ways
to achieve the above scientific and technological goal. The
key advantages of interferometric optical gyroscopes are
their all-solid-state design, high immunity to external dis-
turbances, wide dynamic range, and flexible design. All
these features make such gyroscopes very interesting for
all applications demanding both miniaturization and high
performance.

This article critically analyzes the various options available
to miniaturize interferometric optical gyroscopes currently
on the market and compares the approaches currently under
study with other competitive approaches based on optical,
electromechanical, and quantum technologies. The rest of this
article is organized as follows. The principle of interferometric
gyroscopes is introduced in Section II. The strategies for
miniaturizing such sensors are presented in Section III, and
the comparison to competing technologies is discussed in
Section IV. Section V is focused on the conclusion and
discussion.

Fig. 2. Optical path changes due to rotation. The blue co-rotating path is
increased (+∆S), and the magenta counter-rotating path is decreased
(−∆S).

II. INTERFEROMETRIC GYROS

Interferometric gyroscopes are the main topic of this article.
This section provides an overview of their operating principle
and a block diagram, highlighting the noise sources and the
countermeasures to mitigate them [29].

A. Sagnac Effect
All optical gyroscopes are based on the Sagnac effect,

in which a phase difference arises between two light beams
that originate from a single light beam and propagate in
opposite directions along a rotating closed loop [30], [31].
The effect is observed in both ring interferometers and ring
cavities. The Sagnac effect is a relativistic effect based on the
Fresnel–Fizeau drag effect, defined in (1), that explains the
light velocity in a medium

v =
c
n

+

(
1 −

1
n2

)
vmedium. (1)

where c is the speed of light in vacuum, n is the
medium refractive index, and vmedium is the velocity in the
medium.

A ring interferometer, which is exploited in interferometric
gyroscopes, is a type of interferometer that uses a closed loop
as the optical path. The input light beam, collimated inside
the system, is split into two different beams that propagate in
opposite directions along the closed circular path. If the system
is at rest, then the two beams follow the same optical path at
the same time. When the system is rotating, the two beams
travel different optical distances and arrive at the detector out
of phase due to the delay accumulated along the geometrical
paths, as shown in Fig. 2.

The rotation induced phase shift 1φR is given by

1φR =
4ω

c2 A · �. (2)

where � refers to the rotation rate vector and A is the effective
area vector of the enclosed path

A =
1
2

∮
r × dr. (3)
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Fig. 3. Interferometric optical gyroscope: block diagram.

where A is defined as a line integral, where r is the radial
coordinate vector. The Sagnac effect can be enhanced with a
multiturn path because, as shown in (2), it is proportional to
the flux of the rotation rate vector �. In FOGs, a closed-loop
optical path is used as a sensitive element. In the case of an
interferometric gyroscope, based on a fiber or waveguide coil
with length L and diameter D, 1φR can be written as

1φR =
2π L D

λc
�. (4)

Equations (2) and (4) are valid if light propagates in vacuum
or in a medium, as in the case of the FOG.

The ring optical cavities where light recirculates many times
around the resonant path can be either active or passive,
depending on whether they include an optical gain medium.
The Sagnac effect is observed in these resonators as a small
frequency difference between two counterpropagating resonant
modes supported by the cavity. The difference, which is
independent of the refractive index of the medium filling the
cavity, is

1 fR =
4A
λ P

�. (5)

where A is the area enclosed by the ring cavity, P is the cavity
perimeter, and λ is the resonance wavelength of the modes at
rest. In an active ring laser cavity, such as that used in He–Ne
RLG, 1 fR can be measured by making the two laser-generated
counterpropagating beams interfere, while in a passive cavity
such as that implemented by a fiber ring resonator, 1 fR can be
measured by either phase modulation or frequency modulation
spectroscopy [32].

B. Block Diagram
Fig. 3 shows the basic block diagram of an interferometric

optical gyroscope. All the blocks represent the gyroscope
components.

The light source is a broadband optical source that is
useful for attenuating some noise effects by reducing the
coherence of the emitted light. The emitted light is coupled
by an optical coupler, or a circulator, to achieve a complete
reciprocal configuration. The implementation of a reciprocal
configuration in interferometric optical gyroscopes avoids the
parasitic phase difference between the two optical waves.
A polarizer is used at the common reciprocal port to equalize
the phase of the two counterpropagating waves at rest. Without
the polarizer, in a ring interferometer, the two waves that

propagate in opposite directions may have different states of
polarization. Because of birefringence, they should not see the
same refractive index, which yields a spurious difference in
phase. After passing through the polarization filter, the beam
is ideally divided into two equal beams by a 50:50 splitter.
A phase modulation is applied to the two waves to realize
higher sensor sensitivity. The sensitive element is represented
by the coil.

The optical signal is converted at the photodetector into
an electrical signal that is processed by the electronics
to obtain the angular velocity measurement. In open-loop
sensors, the angular velocity is readout by processing the
photodiode-generated signal, while in closed-loop gyroscopes,
the electronics generate a feedback signal compensating for the
rotation effect, and the angular velocity is estimated based on
the magnitude of the feedback signal. The dotted line in Fig. 3
refers to the closed-loop configuration.

The most typical implementation of the block diagram
in Fig. 3 is the FOG, where the coil is a fiber coil
made of a polarization-maintaining (PM) single-mode low-
loss fiber and the polarizer, splitter, and phase modulator are
all integrated on a lithium niobate (LiNbO3) chip, which is
also referred to as a multifunctional integrated optical chip
(MIOC).

To ensure the correct operation of the angular velocity
sensor, the sources of noise that cause an incorrect reading
of the phase variation between the two beams counterprop-
agating in the fiber optic coil due to the Sagnac effect
must be attenuated. The shot noise effect at the photo-
diode is related to the randomly distributed photons at
the detector, which yield fluctuations in the output current.
Shot noise is one of the main limitations of FOGs, and
this type of noise is not negligible and must be properly
managed.

The polarization coupling noise, Rayleigh backscattering,
Shupe effect, Kerr effect, Faraday effect in the fiber coil, and
center wavelength drift at the broadband optical source are
the primary sources of disturbance in an FOG, in addition
to shot noise. All the effects described in Table I generate
phase noise that can affect the measurement of the angu-
lar velocity; because of this, in typical FOG configurations,
mitigation strategies for all the sources of disturbance are
implemented.

All the abovementioned techniques for noise reduction are
implemented in the navigation-/strategic-grade FOGs, whose
block diagram is shown in Fig. 4.
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Fig. 4. Detailed FOG block diagram. PD: photodiode. TIA: transimpedance amplifier. ADC: analog-to-digital converter. DAC: digital-to-analog
converter.

TABLE I
NOISE SOURCES AND COMMON MITIGATION APPROACHES IN FOG

C. Readout
In an interferometric FOG, a ring interferometer is used

to detect the information of the phase difference between
the two counterpropagating beams due to the Sagnac effect.
The difference in phase is proportional to the rotation rate
information. The signal that arrives at the photodetector is

the response of the two-wave interferometer. The relationship
between the optical power P and the phase shift 1φ between
the two waves that interfere is expressed in the following
equation:

P =
P0

2
(1 + cos(1φ)). (6)
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Fig. 5. Interference signal.

where P0 is the optical power at the interferometer input.
1φ = 1φR if no modulation is applied for the sensor readout.

The interferometric response is a cosine function of the two-
wave phase difference induced by the rotation rate. The optical
power is maximum at zero phase difference. The interference
signal is shown in Fig. 5.

The sensitivity is given by (7); it is at the highest level when
the phase difference is equal to (π/2) and at the lowest level
when the phase difference is approximately zero

∂ P
∂1φ

=
P0

2
sin(1φ). (7)

To linearize the response and increase the sensitivity, several
modulation techniques are used.

1) Open-Loop Configuration: To obtain higher sensitivity,
the signal has to be skewed toward an operational point with
a nonzero response slope. A phase bias angle φb is applied.
A modulation electrical signal is applied to the phase modula-
tor to avoid phase bias drift. A reciprocal phase modulator that
acts as a retardation line is placed at the common port. The
two interfering waves experience the same phase modulation
but shifted in time. The delay is equal to the transit time τ

defined as

τ =
nL
c

. (8)

As shown in (8), the transit time depends on fiber length L
and the light velocity in the medium. The bias modulation of
the phase difference between the two waves is expressed in
the following equation:

1φm(t) = φm(t) − φm(t − τ). (9)

The response equation is given in the following equation:

P(1φR) =
P0

2
(1 + cos(1φR + 1φm)). (10)

The modulation technique is implemented using a square
wave with a period equal to 2τ and φm = (φb/2) to create
a total phase difference between the two counterpropagating
waves equal to 1φm = ±φb.

The signal is demodulated at the photodetector by using a
lock-in amplifier. The demodulated signal is calculated through
the difference between the even and odd power signals of the
first and second semiperiods, τ . The difference signal at the
photodetector is defined in the following equation:

1P(1φR, φb) = P0 sin(φb) sin(1φR). (11)

The maximum sensitivity is obtained at 1φm = (π/2).
Considering a (π/2) square-wave bias modulation, 1φR is

defined in the following equation:

1φR = arcsin
(

1P∑
P

)
. (12)

where
∑

P is the summation of the even and odd power
signals [33].

In an open-loop configuration, the angular rate measurement
is based on an amplitude reading. The open-loop configuration
measurements have low accuracy and sensitivity. To reach
higher accuracy over the entire dynamic range and enhance
the scale factor linearity, a closed-loop configuration is used.

2) Closed-Loop Configuration: The closed-loop configura-
tion is useful for increasing the performance of the angular
velocity sensor. In this configuration, a signal is used as
feedback to control the sensor performance point at zero
over the entire dynamic range. The feedback phase shift is
nonreciprocal and compensates for the phase shift induced by
the Sagnac effect so that the FOG works in a zero-crossing
state [34].

As an error signal, the demodulated open-loop signal is sent
back into the system to produce a second phase difference
1φFB that is the exact opposite of the phase difference 1φR

caused by rotation. In the closed-loop configuration, both the
square-wave bias modulation signal and the feedback phase
signal are applied at the modulator. The total phase difference
between the two waves that interfere is given in the following
equation:

1φ = 1φR + 1φFB + 1φm . (13)

The measured value in the closed-loop configuration is
1φFB. The phase feedback value is independent of the return-
ing optical power, so the stability of the response is increased.
The interference signal depends only on the modulation phase
shift φm because the rotation rate phase difference and feed-
back phase difference are servo controlled at zero.

The better approach for feedback signals is to apply a digital
phase ramp. The phase ramp steps φS have a duration equal
to the transit time through the coil τ . The induced phase
difference 1φFB is equal to φS .

Due to the limitations of the dynamic ranges of electrical
components, a phase ramp signal with infinite steps cannot
be produced. Digital phase ramp resetting is required and
is implemented by overflow of the digital signal processing
circuit. Since the interference signal has a periodicity of 2π,
a 2π difference between the pre-reset and post-reset phase
difference values is set. The resets are no longer periodic
but are synchronized with τ and the biasing square wave.
The detector signals for square-wave bias modulation and the
closed-loop configuration are shown in Fig. 6.

In both cases, the detector signal contains spikes due to the
square-wave bias modulation. In the closed-loop configuration,
the detector signal is quite constant because of the zero-
crossing modulation.

To achieve high compactness and high performance, the
detection scheme of an FOG is implemented in an all-
digital way. The implementation of the detection circuit using
analog elements has many disadvantages in terms of poor
repetition, difficulty in parameter adjustment, compensation
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Fig. 6. Feedback signal, detector signal, and square-wave bias modu-
lation for open- and closed-loop configurations.

errors, parameter shifting with temperature, and a low dynamic
range.

To reduce the costs, increase the speed, and increase the
density of integration on a single device, a field-programmable
gate array (FPGA) can be applied in the detection scheme,
as reported, for example, in [34]. The FPGA is used for timing
control, data collection, modulation and demodulation, square-
wave generation, and digital ramp signal generation.

III. MINIATURIZATION STRATEGIES

The size and weight of interferometric optical gyroscopes
basically depend on two aspects: 1) the external and internal
diameters of the coil, which are influenced by the utilized
optical fiber, and 2) the features, in particular the size, of the
components and the electronic boards necessary for the gen-
eration of optical beams that counterpropagate in the coil and
the readout of the sensor. This section critically examines the
ways in which the coil and the optoelectronic system for beam
generation and readout can be miniaturized. Interferometric
gyroscopes based on waveguide coils that are integrated on
a chip have recently been proposed. These are chip-scale
miniaturized sensors whose main limitation is related to their
obtainable performance, which is currently far from navigation
grade. Such gyroscopes are discussed in Section III-C.

A. Coil Miniaturization
Typically, in an FOG, the coil consists of a single-mode

PM optical fiber. As already mentioned, to mitigate the Shupe
effect, the coil is wound according to a specific pattern,
e.g., the quadrupole or octupole pattern. Several types of
PM fibers, i.e., high-birefringence optical fibers specifically
designed to maintain the polarization state of light propagating
through them, have been reported in the literature, but the most
commonly used are PANDA fibers, bowtie fibers, and elliptical
cladding (tiger eye) fibers (see Fig. 7) [35]. In all these
types, the polarization maintenance is stress-induced by using
additional materials that have a thermal expansion coefficient
approximately one order of magnitude larger than that of silica.
Two highly doped silica rods, one on either side of the core
region, are used to produce the fiber preform. These rods
are often doped with boron, phosphorus, or aluminum. After
pulling the fiber at a high temperature, these heavily doped
rods will contract upon cooling, but their thermal contraction
is prevented by the adjacent silica, which has a significantly
lower thermal contraction. As a result, there is a compressive
stress along the orthogonal axis and a tensile stress along the

Fig. 7. Cross sections of the most commonly used high-birefringence
PM fibers.

rod axis, both of which contribute to stress in the core region
where light propagates. The PANDA fiber has circular rods;
however, the bowtie fiber and elliptical cladding fiber both
have a different form of the stressed region. In the bowtie
fiber, the cross-sectional geometry resembles a bowtie, while
in the elliptical cladding fiber, asymmetric stress on the core
is created by the elliptical doped glass cladding, which results
in stress-induced birefringence.

All three types of PM fibers mentioned above are available
on the market, and the companies commercializing them are
currently focusing their research and development efforts on
minimizing the outer diameter of the PM fibers, aiming at
developing thin-clad PM fibers [36]. Currently, several PM
fibers intended for FOGs with cladding diameters of 60 or
80 µm and coating diameter in the range 100–200 µm are
available on the market. Coils made with these fibers are
also available. The experimental results in [36] clearly show
that as the coating diameter decreases, the coil immunity
to external stress is reduced, resulting in a higher potential
for polarization cross-coupling in the fiber. For example, five
different PM fibers with coating diameters ranging from 155
to 125 µm were experimentally studied in [36]. Each of the
five fibers is coiled into a quadrupole FOG coil with an inner
coil diameter <25 mm and a length >400 m. The polarization
extinction ratio (PER) of the coil degrades by approximately
10 dB when the coating diameter is reduced from 155 to
125 µm. In addition, the PER change due to temperature drift
is significantly larger for the fiber with a coating diameter =

125 µm than for the fiber with a coating diameter = 155 µm.
For the state-of-the-art, the minimum dimensions of the fiber

coils specifically intended for FOG application (quadrupole
or octupole winding pattern) are an internal diameter of
10–15 mm and an external diameter <30 mm [37]. Further
research and development activities aimed at reducing the
size of the coils made of standard PM fibers are currently
ongoing, but a reduction in coil size inevitably implies a PER
degradation that may not be compliant with the achievement
of navigation grade. Thus, the target coil PER, which is
strongly correlated with the target BIS, imposes a limit on coil
miniaturization. This limitation is probably more stringent than
that imposed by the bending loss that increases as the bending
diameter decreases.

The reduction of the external diameter of the fiber coil
inevitably needs the reduction of the external diameter of the
fiber, generally speaking, less coating means less immunity
to external stress, and, potentially, higher polarization cross-
coupling in the fiber. Fiber coils made of PM fiber with
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a coating diameter of 100 µm are on the market [38] and
were utilized in miniaturized FOG prototypes [37], but a
detailed characterization of these PM fibers is not available
in the literature. At the state-of-the-art level, we do not
have experimental evidence that these fibers and these coils
with diameters <30 mm can support navigation-grade perfor-
mance. Data in [37] only show that intermediate grade is
achievable. A navigation-grade FOG integrating a coil with
diameter = 40 mm and made of a standard PM fiber is
on the market [39]. The research aimed at introducing new
concepts for miniaturizing the FOG coil is currently focused
on PM photonic crystal fibers (PCFs), potentially enabling a
very small curvature radius, and multicore fibers (MCFs) that,
in principle, could be used to reduce the overall coil volume;
however, until now, no coil intended for FOGs having an
external diameter <30 mm and based on the two technologies
has been reported in the literature.

PCFs are a type of optical fiber that uses a 2-D periodic
arrangement of dielectric materials to control and manipulate
light propagation [40]. Unlike traditional optical fibers that
have a solid-core surrounded by a cladding layer, PCFs have
a microstructure design with an array of tiny air holes running
through the entire length of the fiber. These air holes create
a periodic pattern of the refractive index, forming a photonic
crystal structure. The arrangement of the air holes determines
the fiber optical properties and allows for unique light-guiding
characteristics.

There are basically two distinct types of PCFs that differ in
the way they guide and confine light within the fiber structure:
solid- and hollow-core PCFs [41]. Solid-core PCFs have a
microstructure design similar to that of traditional optical
fibers but with the addition of a periodic arrangement of air
holes surrounding the solid core. The solid core is typically
made of a material with a higher refractive index, while the air
holes introduce refractive index variations. The combination
of the core and air-hole structures creates a photonic bandgap
effect that confines light within the solid-state core. Hollow-
core PCFs have a unique structure that consists of an air-filled
hollow core surrounded by a cladding region composed of
an array of air holes. The air holes are arranged to create
a photonic bandgap structure that confines light within the
core. PCFs have optical properties that are determined by
their geometry, are made of only pure silica, and can guide
light in air. Consequently, they possess some features that
are potentially useful in the context of interferometric FOGs,
including high immunity to radiation and other disturbances,
e.g., temperature variations and magnetic fields, and extremely
low nonlinearity (especially for hollow-core PCFs).

As already mentioned, fibers for FOG coils should be single
mode, PM, and low loss. In addition, their bending loss
should be very low. The PM solid-core PCF and the seven-cell
hollow-core PCF have these features. A solid-core PCF with a
four-ring air-hole structure specifically designed for FOGs was
reported in [42]. The fiber has cladding and coating diameters
of 100 and 135 µm, respectively. The attenuation at 1550 nm
is approximately 2 dB/km. The coil with quadrupole winding
pattern based on this fiber has an inner diameter of 26 mm
and an outer diameter of 39 mm, approximately 10 mm larger

Fig. 8. On the left side, the solid-core PCF cross section, and on the
right side the coil realized by solid-core PCF. © 2015 OPTICA. Reprinted
with permission from [42].

than the state-of-the-art coils manufactured with standard PM
fibers (see Fig. 8).

Several prototypes of navigation-grade interferometric
FOGs exploiting solid-core PCFs have been reported in the
literature [43], [44]. The application of hollow-core PCFs in
the FOG context has been numerically and experimentally
studied since 2006 when the first prototype of an FOG whose
coil had a diameter of 82 mm was made with a 235-m
hollow-core PCF. The strong reduction of the Kerr, Shupe,
and Faraday effects was experimentally proven despite the
achieved performance being tactical grade. Other conceptually
similar FOG prototypes were reported, achieving intermediate-
grade performance [45].

A numerical study on a PM hollow-core PCF for FOGs
was recently reported [46]. The bare fiber outer diameter
was 80 µm. The simulations predict a propagation loss =

15 dB/km at 1550 nm, a birefringence of approximately 10−4,
and a negligible bending loss for a bending radius of 3 cm.
No data on the bending loss for smaller radii were provided.
The coil PER was not estimated.

MCFs are a type of optical fiber that contains multiple
individual optical cores within a single fiber structure. The
cores, which are typically arranged in a regular pattern, such
as a square or hexagonal grid, can simultaneously carry
independent optical signals. Such fibers have been devel-
oped for telecom applications, increasing the capacity for
data transmission and saving space and cost, but they are
also used in sensing. Recently, MCFs with a few tens of
transmission cores were manufactured, and their viability was
successfully tested in transmission experiments at the petabit/s
scale [47].

The concept of an FOG integrating an MCF coil was envis-
aged approximately 15 years ago [9], but the first published
experimental results are very recent. The basic idea is that the
main part of the FOG, the fiber coil, can be made smaller
overall by using an MCF without affecting the length of the
optical path. This would be made possible by using multiple
fiber cores rather than a single core to better use the volume
of the fiber. The first prototype of interferometric FOG based
on an MCF coil is reported in [48] and [49].

Fig. 9 shows the coil configuration, which incorporates a
pair of fan-in/fan-out (FIFO) devices for slicing the MCF
cores. Port n of the FI device is connected to port (n − 1)
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Fig. 9. FOG configuration using an MCF.

of the FO device (n = 2, . . . , N ). Port 1 of the FI device and
port N of the FO device are connected to directional coupler
DC1 via ports 1 and N , respectively [47].

The prototype is based on a coil made of a titanium
bobbin with a diameter of 128 mm on which a 102.7-m-long
MCF is wound using an octupole winding pattern. At a
wavelength of 1550 nm, the loss of the wound MCF is
0.39 dB/km. The prototype also includes two FIFO devices
built with free-space optics technology. The MCF coil and
the FIFO devices were spliced. The whole optical path
of the coil is 823.8 m. The BIS of this gyroscope is
approximately 0.005 ◦/h.

Conceptually, similar MCF-based FOG prototypes having
a coil with a slightly smaller diameter, down to 80 mm,
have been reported in the literature. The achieved BIS is
0.01◦/h [50].

Summing up, based on the theoretical and experimental
studies reviewed in this section, we can state that: 1) the
smaller fiber coils intended for FOG applications are still
those made of the standard PM fibers (PANDA, bowtie,
and tiger eye); 2) the minimum coating diameter for the
standard PM fibers intended for FOG is 100 µm, enabling
outer diameter values for the coil <30 mm, but the ability of
such coils to support navigation-grade performance was never
demonstrated; 3) a navigation-grade FOG integrating a coil
with diameter = 40 mm is on the market; 4) PCF coils reported
in the literature all have an outer diameter significantly larger
than 30 mm, despite interesting advantages related to Kerr,
Shupe, and Faraday effects mitigation that have been proved
for hollow-core PCFs; and 5) some FOG prototypes using
MCFs achieving navigation grade have been reported, but they
include large fiber coils with an outer diameter of the order
of 100 mm.

B. Broadband Optical Source: Available Options
As already mentioned, in all interferometric optical gyro-

scopes, the optical source is broadband to suppress several
parasitic effects, such as the Kerr effect, Shupe effect,
or Rayleigh backscattering. Such a source can be implemented
using three basic approaches. All navigation-/strategic-grade
FOGs on the market include a superfluorescent fiber source
(SFS) with an erbium-doped (Er-doped) fiber, as shown in
Fig. 4. This source shows a remarkable combination of high
efficiency, great spatial coherence, broad spectrum emission,
and outstanding long-term mean-wavelength stability. This last
characteristic is essential since the scale factor stability of an
FOG scales according to the stability of the mean wavelength
of the source and precise measurement of the rotation rate
requires accurate knowledge of the scale factor and the mean
wavelength. The SFS is based on the amplified spontaneous
emission from an Er-doped fiber optically pumped by a laser
diode and can achieve a mean-wavelength stability of less
than 1 ppm [51]. The configuration of the SFS [51], [52],
which includes an Er-doped fiber coil with a typical length
ranging from a few meters to tens of meters, a wavelength-
division multiplexing coupler, a Faraday mirror or a Bragg
fiber grating, and an isolator, makes miniaturizing the SFS to
achieve a volume significantly below 100 cm3 challenging.
Some recent achievements in the field of photonic integrated
circuit (PIC)-based Er-doped amplifiers [53] could trigger
the development of next-generation chip-scale SFSs, but no
evidence of the feasibility of such an optical source is available
in the literature to our knowledge.

The most common alternative to the SFS is the superlumi-
nescent diode (SLD), which is a well-known edge-emitting
semiconductor light source based on superluminescence.
It combines the traditional low coherence of light-emitting
diodes with the large power and brightness of laser diodes
[54]. The SLD is a chip-scale optoelectronic component
that is intrinsically miniaturized. It is available on the mar-
ket in highly compact packages and, as will be discussed
in Section III-C, can be integrated in complex PICs. Typ-
ically, for the SLD, the temperature drift of the mean
wavelength is on the order of some hundreds of ppm/◦C
[55]; thus, regarding the state-of-the-art, SLD-based FOGs
seem to be able to achieve only tactical/intermediate grades,
while navigation/strategic grades demand more stable sources.
A new approach for implementing a broadband optical
source intended for navigation-/strategic-grade FOGs has been
recently demonstrated [56], [57]. It is based on a narrow-
linewidth standard laser diode whose output is frequency/phase
modulated. An FOG with a linewidth-broadened laser meets
the Federal Aviation Administration’s Required Navigation
Performance 10 criteria for aircraft navigation. An ARW of
0.0009 ◦/

√
h and a BIS on the order of 0.01◦/h have been

reported [58]. This approach for implementing a broadband
optical source seems promising for source integration on chip
together with other FOG components. An accurate assess-
ment of the scale factor stability of the laser-driven FOG
seems necessary to fully evaluate the potential of this novel
approach.
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C. Miniaturization of the FOG Components via Integraed
Microphotonics

A widely employed photonic integrated component in FOG
systems is the LiNbO3-based MIOC, which employs an optical
power splitter to connect the input optical signal to a pair
of electrooptic phase modulators for push–pull operation.
The uniqueness of this MIOC includes a large second-order
electrooptic coefficient and a high PER. The PER is typically
larger than 60 dB to allow the suppression of the polarization
crosstalk in the FOG system, thus minimizing the bias drift.

In recent years, researchers have aimed to miniaturize FOG
systems by employing photonic integration technologies.

The basic idea of generic photonic integration technology
is to support the monolithic and/or hybrid integration of
precisely characterized photonic components that provide the
basic functionalities required to realize a PIC. Two material
systems, InGaAsP/InP and Si/silicon nitride (SiN)/SiO2, have
been widely explored for decades. Several foundries are now
providing multiproject wafer (MPW) services for worldwide
customers to implement PICs with lower fabrication barriers
and shared costs. Leveraging photonic integration technologies
in miniaturizing FOG components can greatly reduce the size,
weight, cost, and power consumption while improving the
shock and vibration robustness.

1) InGaAsP/InP-Based PICs for FOG Miniaturization:
III–V material systems are well known for their tunable and
direct bandgap characteristics at telecom wavelengths, and the
epilayer structure can be optimized to realize SLDs and
photodiodes, which serve as broadband light sources and
photon detectors, respectively, in conventional FOG systems.
However, a generic photonic integration platform is required
for monolithic integration of multiple optical functionalities
on a single chip.

Fig. 10 shows a schematic of the generic III–V photonic
integration platform developed by an independent foundry,
SMART Photonics [59]. Other institutes, such as Fraunhofer
HHI, also provide III–V photonic integration platforms but
with slightly different integration strategies [60]. Designers
could implement a variety of active and passive photonic
devices on this generic platform, such as semiconductor lasers,
optical amplifiers, photodetectors, optical phase/amplitude
modulators, and optical power splitters/combiners. This plat-
form provides efficient light emission (>50 cm−1 optical
modal gain), detection (>0.8 A/W responsivity), and phase
modulation (∼1.2 V·cm voltage–length product) functionali-
ties. A broadband light source was developed by using a long
optical amplifier section to generate amplified spontaneous
emission and a loop mirror to enhance the optical power
in the forward direction [61]. It generates a light source
with 5 dBm output power, >20 nm bandwidth, and >21 dB
PER at a wavelength of 1550 nm. Nevertheless, most active
photonic devices are implemented on shallow-etched low-
index-contrast (InGaAs as core material and InP as cladding
material, 1n ∼ 0.2) optical waveguides, so the waveguide
bending radius should be larger than 400 µm to guarantee
low-loss lightwave propagation. Even with a deeply etched
waveguide geometry, the minimum bending radius is still
100 µm, which prevents dense photonic integration on InP.

Fig. 10. Schematic of generic InP-based photonic integration platform.

Fig. 11. Monolithic integration of active and passive FOG components
except for the sensing coil through an InP photonic integration platform.

In addition, the fabrication processes for III–V photonic inte-
gration are not complementary metal–oxide–semiconductor
(CMOS) compatible, and the wafer size is typically smaller
than 6 in. This prevents the InP foundry from using an
advanced deep-ultraviolet photolithography system dedicated
to 8- or 12-in wafers.

Fig. 11 reveals an example of FOG component integration
on InP, which comprises a distributed Bragg reflector laser
with an integrated optical amplifier, an electrooptic phase
modulator, three photodiodes, and a pair of optical power
couplers [62]. This InP-based PIC, occupying an area of
6 × 2 mm, monolithically integrates all active and passive
FOG components except for the sensing coil. A 5-km fiber
coil is connected to this InP driver chip to form a Sagnac inter-
ferometer, and the intensity of the received signal is directly
proportional to the angular rotation speed of the fiber coil.
This example proves the feasibility of monolithic integration
of FOG components on an InP generic platform but requires
further consideration to make this approach promising. For
example, there is no polarization filtering function on this
chip to enable a high PER at the outputs of edge couplers,
and the optical waveguide supports lightwave propagation for
TE and TM polarizations. Several studies have focused on
implementing a polarization beam splitter on InP, and most of
them were based on the Mach–Zehnder interferometer (MZI)
[63], [64], [65]. This device typically requires phase shifters
on both arms of the MZI for fabrication error compensation
to obtain the highest PER. In general, this device provides a
PER of 20–30 dB over a broad wavelength range.

2) Si/SiN/SiO2-Based PICs for FOG Miniaturization: Exploit-
ing the well-established wafer-scale CMOS fabrication tech-
niques, silicon photonics has shown remarkable large-scale
photonic integration capabilities. The goal is to integrate
several photonic functions on the same chip with low cost
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Fig. 12. Schematic of generic Si-based photonic integration platform.

and fingertip size using the generic PIC platform. After more
than 20 years of development in both academia and industry,
researchers and companies today can easily access this tech-
nology through a variety of service providers ranging from
research institutes (such as IMEC, IHP, CORNERSTONE, and
AIM Photonics) for prototyping to dedicated foundries (Glob-
alFoundries, TSMC, and TowerJazz) for volume production
[66], [67], [68].

Fig. 12 shows a schematic of a generic Si-based photonic
integration platform. Leveraging advanced deep-ultraviolet
photolithography technology, the critical dimension (CD) of
a silicon line can be as small as 130 nm or beyond. This
allows designers to implement a variety of passive photonic
components with fine features, such as surface grating couplers
[69]. A silicon strip waveguide has a high refractive index
contrast between the core and cladding material (1n ∼ 2),
so it enables tiny waveguide dimensions (450 × 220 nm for
single-mode propagation at a wavelength of 1550 nm) and
a small bending radius (the extra loss for 10-µm waveguide
bending is negligible). Therefore, silicon photonics allows
a high photonic integration density with a small footprint.
Designers could also implement active photonic devices such
as germanium photodiodes and optical phase shifters on this
generic photonic integration platform, but the light emission
in silicon is quite inefficient.

The SiN waveguide is a low-index-contrast waveguide
option (1n ∼ 0.5) available on this generic photonic integra-
tion platform. SiN waveguides have been included in Si-based
photonic integration platforms to realize efficient edge cou-
plers with mode matching to optical fibers.

An FOG was released in 2019 by leveraging an ultrathin
(less than 100 nm) SiN waveguide in the PIC, as shown in
Fig. 13. A light source in the short near-infrared 830-nm
wavelength region is selected, which leads to a larger scale
factor for the FOG system. This PIC consists of several passive
FOG components, including a pair of low-loss optical power
couplers, an optical polarizer, and mode size converters [70].

The optical polarizer comprises three 180◦ curved waveg-
uides consecutively coupled to one another to form an “m”
shape. This leads to very high propagation loss for TM-
polarized light. Both the power splitter and polarizer enable
a >45 dB PER, which is close to the PER provided by
the LiNbO3-based MIOC. As a result, this PIC not only
polarizes the input light from the light source but also filters
out the cross-coupled false signals in the return light from
the sensing coil. However, in addition to the SiN PIC, it still
requires a discrete light source, a photodetector, a piezoelectric

Fig. 13. Integration of passive FOG components through a SiN photonic
integration platform while leaving active components and sensing coils
off-chip.

transducer-based phase modulator, and a fiber coil to form the
FOG that provides a BIS of 0.048 ◦/h.

Recently, active and passive FOG components except for the
fiber coil and light source were monolithically integrated on a
Si-based MIOC [71], [72]. Fig. 14 reveals the schematic and
top view of the Si-based MIOC and its packaged module. The
MIOC comprises a pair of electrooptic phase modulators, a Ge
photodetector, a pair of 1 × 2 optical power couplers based
on the multimode interference (MMI) principle, a waveguide
polarization filter, a delay line, and a surface grating coupler
array. The silicon phase modulator is based on carrier depletion
of the silicon p-n junction formed in a silicon rib waveguide.
The voltage–length product and modulation bandwidth of the
phase modulator are approximately 1.97 V·cm and >10 GHz,
respectively. Optical backscattering noise was suppressed by
operating the phase modulator under the push–pull config-
uration. The optical field is strongly confined within the
high-index-contrast silicon waveguide, so the electrooptic effi-
ciency in silicon is almost ten times higher in the silicon
phase modulator than in the bulk LiNbO3-based MIOC. The
Ge photodiode provides a responsivity of 1.05 A/W at a
wavelength of 1550 nm. The overall chip dimensions are
4 × 1.2 mm, while the packaged module occupies a volume
of 3.33 cm3. Using grating couplers as optical input–output
not only provides efficient optical coupling between the silicon
photonic chip and optical PM fiber with wide alignment toler-
ance but also enables a high >40 dB fiber-to-fiber PER over
wavelengths of 1500–1600 nm. The latter feature comes from
the birefringence of the silicon waveguide, which makes light
diffraction from the grating coupler at a specific wavelength
efficient only for a single polarization according to the Bragg
condition. The waveguide polarization filter is based on a
bent waveguide directional coupler design that suppresses
power exchange of TE-polarized light between waveguides.
The resulting waveguide polarization filter provides >20 dB of
extra PER in addition to the grating couplers. After connecting
a fiber coil and a broadband light source to the silicon-based
MIOC, the as-formed Sagnac interferometer provides tactical-
grade gyroscope performance with ∼0.1◦/h BIS and ARW =

0.097 ◦/
√

h. The parasitic interface reflection originating from
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Fig. 14. Monolithic integration of active and passive FOG components
except for the light source and sensing coil through a Si photonic
integration platform. © IEEE. Reprinted with permission from [71].

the high-index-contrast silicon waveguide is still an unsolved
issue for Si-based MIOCs. The interface reflection of a 1 × 2
silicon MMI power coupler is usually approximately −20 dB,
which is high compared to that of a fiber-based directional
coupler. This results in a degraded signal-to-noise ratio and a
dc bias offset at the gyroscope output. Another parasitic inter-
face reflection occurs at the grating couplers (approximately
−18 dB) that form a parasitic Michelson interferometer. This
also leads to a spurious bias voltage offset at the loop proper
frequency, which is added to the Sagnac signal.

3) Heterogeneous III–V-on-Silicon PICs for FOG Miniaturiza-
tion: The main idea behind silicon photonics is its potential to
bring the mass-production capabilities of silicon fabrication to
photonic components. The silicon-based photonic integration
platform offers an almost complete suite of photonic com-
ponents, including power splitters, polarization/wavelength
filters, (de)multiplexers, modulators, and photodetectors. How-
ever, an efficient electrically pumped light source on silicon
remains a challenge. Introducing III–V materials onto silicon
to provide optical gain, detection, and modulation is a promis-
ing solution to this issue. One approach is to bond III–V
dies on silicon with coarse alignment to the silicon waveguide
and subsequently process them to realize the device structure
[73], [74]. The advantages of this approach are the minimum
requirement of expensive III–V materials and the possibility of
integrating different epitaxial structures optimized for different
functionalities or wavelengths. The bonding approach has been
utilized to realize optical transceivers that are now avail-
able on the market. Another approach is to epitaxially grow
III–V materials directly on silicon using intermediate buffer
layer to minimize dislocations propagating into the active
region [75].

The III–V-on-silicon photonic integration platform is
promising for FOG miniaturization because it provides an
optimized III–V epitaxial layer structure for light emis-
sion/detection and phase modulation. III–V active devices
are optically interconnected by the underneath silicon waveg-
uides where all passive devices are formed. Fig. 15 shows a
schematic of an FOG driver chip based on a heterogeneous
III–V-on-silicon platform and its FOG performance after con-
necting the chip to a fiber coil [76]. In this demonstration,

Fig. 15. Active FOG component integration through hybrid bonded
III–V membranes on an SOI substrate where passive FOG components
are implemented. The sensing coil is off-chip. © Optica. Reprinted with
permission from [76].

a Fabry–Perot laser was formed as the light source by bonding
the III–V gain material on top of a silicon resonant cavity
formed by a pair of reflective loop mirrors. A pair of power
splitters/combiners was also realized on silicon to construct a
reciprocal FOG configuration. The III–V material for the pho-
todiode shares the same epitaxial stacks with the gain material,
and the resulting responsivity reaches 0.7 A/W. In contrast, the
epitaxial stacks used for phase modulation are optimized to
have a shallow band offset for the conduction band for more
efficient carrier depletion [77]. The resulting phase modulator
exhibits a voltage–length product of only 0.42 V·cm. The
overall chip footprint is 0.5 × 9 mm. A Sagnac interferometer
is formed by connecting this FOG driver chip to a PM fiber
coil. The output signal voltage is linearly proportional to the
applied rotation rate, but further FOG characterization, such
as of the BIS, is missing.

Although FOG component integration on the III–V-on-
silicon platform seems to be a promising solution, the chip
design in Fig. 15 requires further optimization.

First, the Fabry–Perot laser should be replaced with a
broadband SLD to eliminate the residual Rayleigh backscat-
tering noise and nonreciprocal polarization coupling from the
fiber coil. A broadband SLD was realized by hybrid bonding
multiple InP dies on a silicon photonic circuit for the following
quantum well intermixing process [78]. The resulting SLD
enables a 3-dB bandwidth of 292 nm that covers the O , E , S,
and C wavelength bands and an output power of −8 dBm.
More recently, a heterogeneously integrated O-band SLD
demonstrated continuous-wave light emission with 10-mW
output power under the environment temperature of up to
65 ◦C [79].

Second, the FOG driver chip requires an extra polarization
filtering function to achieve a high PER. The Si-based MIOC
shown in Fig. 15 employs a bent waveguide directional coupler
and grating couplers to provide an overall PER of >60 dB. The
use of an advanced polarization filter design or cascading of
multiple stages of a waveguide polarization filter could also
increase the on-chip PER [80], [81].
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D. Gyroscope-on-Chip Approaches
The sensing coils of the aforementioned photonic integrated

FOGs are all based on optical fibers, in which the optical atten-
uation is less than 1 dB/km at telecom wavelengths. The length
of the fiber coil, as the sensing element in an FOG system,
is typically approximately 100–1000 m, and the diameter is
usually on the order of a few centimeters. With the advent
of integrated photonics suitable for wafer-scale processing,
there is an opportunity to replace expensive and bulky fiber
coils with smaller integrated photonic waveguide chips. The
ultimate goal is to realize an all-chip-based FOG system either
by monolithic or hybrid integration methodology. In this case,
all FOG components can be manufactured using a wafer-scale
fabrication process.

1) Waveguide Coil: Fig. 16 shows the cross-sectional
view of low-loss waveguide geometries for InP-, silicon-on-
insulator (SOI)-, SiN-, and silica-based photonic integration
platforms. This figure also presents a schematic of a single-
layer waveguide coil. Low-loss passive waveguides were
demonstrated on InP [82], [83], and the waveguide loss
increases during the fabrication due to active–passive mono-
lithic integration. The typical waveguide loss for PICs
fabricated by a generic InP foundry process is approximately
2–3 dB/cm. In recent studies, the waveguide loss was greatly
reduced by restricting the p-dopant to active regions. With
the help of localized Zn diffusion process, the waveguide
loss was reduced to below 0.4 dB/cm for both TE- and TM-
polarized light at the wavelength of 1550 nm. A waveguide
coil realized on a semiconductor surface plane for an FOG
system necessitates closely spaced waveguide crossings. This
was achieved by excitation of a low-loss Bloch mode through
superposition of the first- and second-order modes on an InP
platform. As described in Section III-C, the main concern
of InP-based PICs for FOG is the on-chip PER. Realizing
an InP ridge waveguide that exhibits high birefringence for
polarization maintenance and/or supports lightwave propaga-
tion for single polarization is quite challenging. The waveguide
effective index difference for TE and TM polarizations is only
0.006, which leads to a long device length for polarization
separation.

The physical dimensions of a silicon strip waveguide that
supports single-mode propagation at a wavelength of 1550 nm
are approximately 500 nm in width and 220 nm in height. The
top and bottom interfaces of the silicon strip waveguide are
atomically flat due to the high-quality SOI wafers. However,
the photolithographically defined and etched waveguide side-
walls are not smooth. Sidewall roughness is the main source
of propagation loss, especially in high-index-contrast silicon
waveguides. The typical waveguide loss is approximately
1.5–2 dB/cm. The optical loss from sidewall roughness can
be minimized by increasing the waveguide width. When the
waveguide is widened to 2.5 µm, the propagation loss is
marginally reduced to 1.3 dB/cm [84]. A silicon rib waveguide
geometry, as opposed to a fully etched strip waveguide,
was proposed to address this issue. A propagation loss as
low as 2.7 dB/m has been shown to be achievable with a
200-nm rib on a 1-µm-thick silicon waveguide [85]. Recently,
a shallow 56-nm rib on a 500-nm-thick SOI waveguide was

Fig. 16. Cross-sectional views of low-loss waveguide geometries made
of different material systems, and schematic of a single-layer waveguide
coil that contains closely packed optical crossings.

fabricated to form a 52.2-cm-long spiral [86]. Although a
silicon thickness of 220 nm is widely employed by silicon
photonics foundries, the refractive index of a 500-nm-thick
silicon layer is better matched to that of the III–V layer for
mode hybridization [87]. A single-mode silicon rib waveguide
(width = 1.8 µm) achieved a 16 dB/m propagation loss in the
C-band. The loss was further reduced to 4 dB/m when the
waveguide was widened to 8 µm. This is attributed to the
lower optical field overlap with the etched rib sidewalls to
minimize the light scattering. Weak optical confinement in a
shallow silicon rib waveguide leads to a minimum bending
radius of 800 µm. In comparison, a 70-nm etched silicon
rib waveguide on 220-nm-thick SOI is available from most
silicon photonics foundries. The typical waveguide loss at
1550 nm is approximately 0.5 dB/cm, and a bending radius of
approximately 60 µm is required to ensure low-loss lightwave
propagation.

Employing low-index-contrast dielectric platforms, such as
SiN or doped silica for ultralow-loss waveguide formation,
is another promising approach. A SiN waveguide inherently
has a tradeoff between the waveguide loss and the bending
radius. A thinner waveguide core leads to reduced scattering
loss, but its weak modal confinement leads to increased
bending loss. This tradeoff ultimately leads to a thin but large
waveguide coil, comparable to the size of a compact fiber
coil. Nevertheless, similar to silicon rib waveguides, thin SiN-
based waveguide coils are a CMOS-compatible solution that
can enable ultralow propagation loss and high polarization-
dependent loss. Moreover, the advantages of the SiN approach
over silicon ribs include its low nonlinear loss and high nonlin-
ear threshold. These unique characteristics play an important
role in minimizing parasitic effects due to the optical Kerr
effect. A 3-m-long waveguide coil made of a 40-nm-thick
SiN waveguide exhibited a lightwave propagation loss of
0.78 dB/m and a PER of >75 dB [90], [91]. The upper and
bottom cladding thicknesses should be larger than 5 µm to
ensure minimum field overlap with the surface and silicon
substrate. A waveguide spacing of 50 µm is needed to avoid
mutual optical coupling among waveguides. The minimum
bending radius of this waveguide coil is 17.25 mm, and its
enclosed area is 278 cm2. The area of this waveguide coil
exceeds the space available in a reticle, so multiple separate
masks exposed in succession are required to define the core.
High-temperature (>1000 ◦C) annealing is also required to
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TABLE II
COMPARISON OF WAVEGUIDE COILS MADE OF DIFFERENT MATERIALS AND THEIR FOG PERFORMANCE

drive hydrogen contaminants out of the core and cladding
layers to realize low material absorption loss. The thin SiN
waveguide and large bending radius result in a low optical
loss of only 0.015 dB/crossing at each crossing point. The
packaged 3-m-long SiN waveguide coil exhibits an insertion
loss of 16.2 dB, including fiber-chip coupling loss, and was
placed in an FOG system with other discrete components to
test its sensing characteristics. The high fiber-chip coupling
loss is attributed to the mismatch between the modal size
of the SiN waveguide and the butt-coupling fiber mode. The
ARW and BIS were measured to be 8.52 ◦/

√
h and 58.7 ◦/h,

respectively [91].
Silica-based photonic lightwave circuits have been widely

developed to realize arrayed waveguide gratings for fiber
optic communication applications. A large waveguide core
and a low core/cladding refractive index contrast are the
signatures of this waveguide platform, thus allowing efficient
optical coupling between the silica waveguide and optical fiber.
A silica waveguide with a core size of 6.5 × 6.5 µm and
thick upper and lower claddings of 20 µm was fabricated to
realize a 2.14-m-long spiral waveguide coil [89]. The silica
core was doped with germanium to increase its refractive index
by 0.006 compared to the surrounding cladding material. Such
a low-index-contrast waveguide supports both TE- and TM-
polarized lightwave propagation at a wavelength of 1550 nm
and generates a symmetric field distribution with a modal field
diameter of 8.17 µm. The minimum bending radius of the
silica waveguide becomes 30 mm, which is not considered
compact at all. Nevertheless, placing the silica waveguide coil
in an FOG system for a sensing test resulted in an ARW of
1.26 ◦/

√
h and a BIS of 7.32 ◦/h.

We summarize the key parameters of four different waveg-
uide platforms and their FOG sensing performance in Table II.
The key design concept for ultralow-loss waveguides is
to achieve weak optical confinement in the core. The
InGaAsP/InP has a relatively low core/cladding index contrast
1n of 0.196, but material absorption limits the waveguide loss
to 30 dB/m. The SOI waveguide system inherently has a very

high 1n of 2.032 between silicon and silicon dioxide, but
an expanded modal field diameter is achieved by employing
a wide and shallow rib waveguide geometry that ultimately
leads to a 4 dB/m loss. The SiN/SiO2 waveguide provides a
moderate 1n of 0.552. With an ultrathin and high-aspect-ratio
waveguide geometry, the SiN waveguide tends to have weak
optical confinement in the core, thus enabling a 0.78 dB/m
propagation loss. The doped silica waveguide can be consid-
ered a “fiber-on-chip” solution because its 1n is only 0.006,
which is comparable to the value of an SMF-28 optical fiber.
The quoted loss of 3.91 dB/m includes the fiber-chip coupling
loss; thus, the intrinsic waveguide loss should be even lower.
The FOG performance revealed that the silica waveguide coil
is a better solution than its SiN counterpart with a similar
waveguide length in terms of the ARW and BIS. The very large
bending radius of >30 mm required for a silica waveguide
may limit its practical application in FOG systems because its
enclosed area is even larger than that of a compact fiber coil.

The four waveguide coils discussed in Table II achieve
a state-of-the-art propagation loss of a few dB/m, which is
still three orders of magnitude higher than the loss of an
optical fiber, hindering the ultimate FOG sensing performance.
In addition to the waveguide loss, high Rayleigh backscattering
and interface reflection at crossings also degrade the sensing
performance when a waveguide coil is applied in an FOG
system.

Fig. 17 shows the optical frequency-domain reflectometry
(OFDR) traces of a 3.5-cm-long silicon slab waveguide coil
with crossings and a 300-m-long PM fiber coil. The silicon
waveguide coil was connected to an optical fiber through
a pair of grating couplers, thus leading to strong reflection
peaks at the input and output. For the single-layer waveguide
coil, the output waveguide has to cross the turns of the
waveguide coil, which results in many waveguide crossings.
These crossings introduce additional loss, interface reflection,
and optical crosstalk into the intersected waveguide, leading
to degraded sensing performance. The actual OFDR traces of
reported ultralow-loss waveguide coils should be better than
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Fig. 17. Example of OFDR traces from (a) 3.5-cm-long silicon waveg-
uide coil with crossings and (b) 300-m-long PM fiber coil.

the example in Fig. 17(a) in terms of the Rayleigh backscat-
tering amplitude and interface reflection, and Fig. 17(b) may
be the ultimate goal.

2) All Chip-Based Solution: There was no all-chip-based
FOG solution in the literature or on the market until recently.
ANELLO Photonics, a start-up company in CA, USA, dis-
closed their three-chip integration strategy (light source +

silicon MIOC + SiN waveguide coil) in U.S. patents and
presented it at major conferences [92], [93], [94]. Fig. 18
represents the schematics of their silicon MIOC and multilayer
SiN waveguide coil. On the proposed silicon MIOC, they
implemented three on-chip photodetectors in a reciprocal FOG
configuration, and PD1 is the main detector to receive the
Sagnac signal. The other PD2 and PD3 provide in situ moni-
toring of optical fiber coupling between the light source and Si
MIOC as well as the Si MIOC and SiN waveguide coil. This
helps with chip-to-chip alignment and packaging. To avoid
light leakage to the substrate, implants at a high dose were
placed all the way through the slab around the waveguides
that absorb scattered light. In general, an optical polarizer is
needed between two power splitters to improve the on-chip
PER value, but the need for a polarizer may be eliminated
through proper design of the waveguide for TE-preferred
lightwave propagation or the use of appropriate mode-selective

Fig. 18. Schematic of ANELLO Photonics’ all-chip-based FOG solution:
(a) silicon MIOC and (b) multilayer SiN coil.

filters. The resultant silicon MIOC occupies an area 2 × 5 mm
and contains four power splitters, three photodetectors, two
phase modulators, two thermo-optic heaters, one delay line,
and one polarization filter. A low-loss SiN waveguide coil
may be fabricated in a single layer, and the output waveguide
has to cross the turns, which generates additional loss and
interface reflection. As the sensing coil, the direction of
light propagation has to remain the same within the coil.
Fig. 18(b) shows the concept of a two-layer SiN waveguide
coil, in which the output waveguide does not intersect with
the turns of the waveguide coil. There are portions of the
same waveguide coil on both the top plane and the bottom
plane, and the output waveguide comes out from the same
plane as the input waveguide for efficient coupling. In addition,
by distributing the total length of the coil between two layers,
the propagation length can be increased without increasing the
footprint of the gyroscope coil. The 22-m-long SiN waveguide
coil was fabricated by Tower Semiconductor based on dedi-
cated process optimization, such as using chemical-mechanical
polishing (CMP) to reduce the roughness of the top and bottom
surfaces of the waveguide core. The ultimate waveguide loss
reaches <0.5 dB/m and the Rayleigh backscattering amplitude
is lower than −95 dB/mm. The silicon photonics-enabled chip-
based FOG exhibits an ARW of 0.05 ◦/

√
h and a BIS of

0.5 ◦/h (intermediate grade).

IV. COMPETITIVE TECHNOLOGIES

Many gyroscope technologies with different TRLs can
compete with interferometric optical gyroscopes in terms of
performance and SWaP budget. This article is on miniaturized
gyroscopes, so we stay focused on the technologies that are
already miniaturized, e.g., MEMS, or that can realistically
enable IMUs with a volume of approximately 100 cm3 and
an SWaP product of the order of 10−5 m3

·kg·W.
With reference to the technologies on the market, we con-

sider the silicon-based MEMS gyroscope, RLG, and HRG.
Basically, the former is the benchmark in terms of SWaP
budget but now has limited applicability to the applications
demanding navigation-grade performance. The latter two are
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navigation and strategic grade but have an SWaP budget whose
reduction without compromising performance is particularly
challenging. Due to the substantial research effort on perfor-
mance improvement of MEMS gyroscopes, in this section,
we briefly review the main scientific achievements in the
field of MEMS gyroscopes, especially because we believe that
the research and development activity toward a navigation-
grade MEMS gyroscope is currently competing with that
aimed at miniaturizing interferometric optical gyroscopes
while maintaining inertial-grade performance. Among the mid-
TRL technologies that are not on the market, we mention
the resonant FOG (RFOG), the chip-scale integrated photonic
technologies based on active or passive integrated resonators,
mainly the resonant micro-optical gyroscope (RMOG) and
Brillouin gyroscope, and the nuclear magnetic resonance
(NMR) gyroscope.

Since they will not be able to compete with miniaturized
interferometric optical gyroscopes for many years, we do
not consider low-TRL (<3) competing technologies such as
the cold atom interferometer gyroscope and optical gyro-
scopes based on the emerging physical concept of exceptional
points/surfaces. Despite the low TRL making any forecast of
the success of these technologies complex, the former has very
interesting prospects, especially in terms of miniaturization
[95], due to the scale factor independence from the apparatus
size, the performance already being comparable to that of
interferometric FOGs, and some elements having reached the
mid-TRL; the latter, according to a few recent papers, exhibits
an improved responsivity that is precisely compensated by the
increased laser noise [96].

A. Silicon-Based MEMS Gyroscopes
MEMS gyroscopes typically consist of a vibrating structure

(proof mass) with two degrees of freedom. The mass can freely
oscillate along two directions, also called the drive and sense
mode directions. Due to the apparent Coriolis acceleration,
oscillation in the drive mode direction, which is kept constant
through electrostatic forces, leads to oscillation in the sense
mode direction when the sensor is rotated around the axis
orthogonal to both the drive and sense mode directions. This
gyroscope is on the market, TRL = 9.

The sensor can be operated in either mode-matched or split-
mode conditions, depending on whether the drive and sense
modes are matched or intentionally mismatched in frequency.
Generally, mode-matched sensors have better performance
than split-mode sensors, but they exhibit a narrower bandwidth
and higher power consumption, requiring more complex elec-
tronics to guarantee matching stability over temperature and
time. Regarding the state-of-the-art, the best-performing proto-
types of MEMS gyroscopes are mode-matched disk resonating
gyroscopes with a BIS slightly less than 0.01◦/h, measured
at room temperature [97], [98]. A dual mass mode-matched
MEMS gyroscope with special encapsulation achieving a
BIS <0.03 ◦/h was reported in [99].

The technology of split-mode MEMS gyroscopes is quickly
advancing. A performance that is quite similar to that
demonstrated for mode-matched gyroscopes has been recently
achieved by split-mode sensors with temperature-compensated

output, whose main advantage is the lower power consump-
tion. In particular, the prototype MEMS gyroscope reported in
[100], which has a tuning fork configuration, exhibits a BIS of
0.01◦/h (at constant temperature), with a bandwidth >300 Hz.
A split-mode MEMS gyroscope with nanoresistive sensing
was recently demonstrated with a BIS of 0.02◦/h (under
an uncontrolled laboratory environment with maximum tem-
perature variations during measurements of ±2 ◦C) [101].
These prototypes of navigation-grade or near-navigation-grade
MEMS gyroscopes are still quite far from commercialization,
and their control and readout electronics are often based on
board-level circuits formed by sophisticated digital processors
and ultralow noise analog components, with an interesting
exception being the system formed by an integrated circuit and
a micromachined piezoresistive gyroscope reported in [101].

Currently, the best-performing MEMS gyroscopes on the
market have a BIS on the order of 0.1◦/h (intermediate grade),
one order of magnitude worse than that of the mid-TRL
high-performance prototypes reported in the last decade and
reviewed in this section.

MEMS gyroscopes are intrinsically based on moving parts,
which may make their use in harsh environments potentially
critical, for example, in space missions. To our knowledge,
no space-qualified silicon MEMS gyroscope is available on the
market. The European Space Agency funded the development
of a MEMS gyroscope (SiREUS) for space applications, but
its qualification highlights some critical aspects mainly related
to mechanical shocks and random vibrations [102].

B. Resonant Photonic Gyroscopes
Optical resonators with a high Q-factor and high finesse can

be used to sense rotation, exploiting the Sagnac effect. The
only gyroscope based on this principle that has reached the
commercialization stage is the He–Ne RLG, which is based on
a bulk-optics lasing cavity made of three or four mirrors, where
light propagates in a He–Ne gas mixture [103]. Within the
ring laser cavity, two counterpropagating beams are generated.
The interference of the two beams generates a beating signal
whose frequency is directly proportional to the angular rate.
The He–Ne RLG is a navigation-grade sensor widely used in
the aerospace and defense markets. Its miniaturization without
performance degradation is challenging.

A miniaturized gyroscope based on the same general con-
cept as the He–Ne RLG is the chip-scale Brillouin laser gyro-
scope [104] having a TRL equal to 3–4. The sensor is based
on a silica wedge resonator (loaded Q-factor >100 million)
with a diameter of 36 mm, which is an optically pumped
lasing cavity (see Fig. 19). The cavity is optically pumped by
two counterpropagating pump beams to generate counterprop-
agating, narrow-linewidth Brillouin lasers. The laser-generated
beams interfere, thus generating the beating signal, which
has a frequency directly proportional to the angular rate. The
gyroscope is tactical grade with a BIS of 3.6 ◦/h.

Passive optical cavities supporting two counterpropagating
resonant modes excited by a laser source external to the cavity
can also be used to sense rotation. The practical implementa-
tion of such sensors can be achieved by using either fiber ring
resonators or chip-scale ring resonators. The gyroscopes based
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Fig. 19. (a) Chip-scale Brillouin laser gyroscope scheme. (b) Allan deviation evaluated graph. © 2020 Springer Nature Group. Reprinted with
permission from [104].

on the former cavities are called RFOGs, while the sensors
based on the latter cavities are called RMOGs. In principle,
an RFOG is capable of reaching the same performance as
the interferometric FOG with much less optical fiber due to
the recirculation of light in the resonant cavity. In practice,
RFOGs have been investigated for many years but have never
reached the market because their miniaturization is challenging
and they need a complex optoelectronic system for cavity
excitation and readout. A near-navigation-grade RFOG with
a BIS of 0.02 ◦/h, which was based on a fiber ring resonator
with a diameter of 50.8 mm and a fiber length of 100 m,
was reported in [105]. The gyroscope readout is obtained by
a complex modulation technique that requires many sophisti-
cated optoelectronic components.

Very recently, RFOGs with fiber ring resonators with a
diameter <75 mm reached navigation grade [106], [107]. The
sensors do not use a narrow-linewidth laser beam for cavity
excitation but a broadband laser source. The achieved BIS is
slightly less than 0.01◦/h. Despite the important scientific value
of such results, the RFOG excited by a broadband light source
still has no evident advantages with respect to the standard
interferometric FOG, except for the shorter length of the fiber
utilized for the sensor implementation. In addition, in RFOGs,
the reduction of the diameter of the fiber ring resonator is
probably critical because it has a direct negative impact on the
finesse and Q-factor of the cavity, with consequent degradation
of the performance. Navigation-grade interferometric FOGs
with a coil diameter of 40 mm are already on the market [108],
while demonstrating a navigation-grade RFOG based on a
fiber ring resonator with the same diameter seems challenging.
Additional details on the RFOG technology, having a TRL
equal to 4–5, are available in [109].

RMOGs have been widely investigated in recent decades,
aiming at demonstrating miniaturized chip-scale gyroscopes
based on integrated microphotonics. The RMOG is concep-
tually similar to the RFOG, but its sensing element is a
miniaturized optical cavity typically manufactured on chip

using a low-loss waveguide structure. Thus, the RMOG is
an intrinsically miniaturized gyroscope with an SWaP budget
comparable to that of MEMS sensors. Regarding the state-
of-the-art, the best RMOG prototypes, which do not include
moving parts, are tactical grade. A bias stability of 3 ◦/h
has been obtained in an RMOG whose sensing element is a
whispering gallery mode CaF2 optical cavity with a diameter
of 7 mm and a finesse of 100 000 [110]. Some physical
limitations of the RMOG are highlighted in [111] and [112].
The TRL of the RMOG technology is 3–4.

C. NMR Gyroscopes
The quantum spin of atomic nuclei is used by an NMR

gyroscope to detect rotation [113]. The spin vector of an atom
precesses around a magnetic field B0, at the Larmor frequency,
ωL = γ B0, where γ is the gyromagnetic ratio and depends on
the atomic species. The rotation rate � increases the observed
precession frequency ωI = ωL + � if the frame is rotated
around B0 [114]. This physical effect can be utilized in the
context of gyroscope technologies. In a microfabricated vapor
cell, the NMR gyroscope utilizes a large number of multi-
ple species of atoms, including alkali and noble gas atoms.
The atomic mixture is illuminated by a circularly polarized
optical beam aligned with B0. The beam is generated by a
pump laser and is in resonance with an alkali atomic optical
transition. As a consequence, the atomic spin of the alkali
atoms is aligned. During collisions between noble gas and
alkali atoms, the polarization of the alkali atoms is transferred
to the noble gas nuclei. Noble gas atoms precess about the
applied magnetic field at the Larmor frequency, but they are
arbitrarily phased despite precessing at the same rate. The
spin precession of noble gas atoms is brought into coherent
motion by applying additional ac magnetic fields perpendicular
to B0. Due to the fact that the alkali atoms precess around
the combination of B0 and the magnetic field caused by the
noble gas atoms, the noble gas precession can be measured by
observing the alkali atoms. The polarization of alkali atoms
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is measured using a probe beam that is orthogonal to the
pump beam. Since the sensitivity of the NMR gyroscope does
not scale with size, unlike optical and Coriolis gyroscopes,
it is theoretically possible to develop small-volume, high-
performance sensors. In addition, the sensing mechanism is
inherently vibration-resistant. The first prototype of a compact
NMR gyroscope with a volume of only 10 cm3 and a BIS of
0.02 ◦/h was demonstrated approximately ten years ago [115].
This sensor is based on a millimeter-scale alkali/noble gas
vapor cell filled using conventional glass-blowing techniques.
The MEMS atomic vapor cell for gyroscope applications was
demonstrated [116], aimed at enhancing the TRL, making this
technology competitive with mature technologies. The current
TRL of the NMR gyroscope is 3–4.

Low-TRL (<3) prototypes of a new class of nuclear
spin gyroscopes, conceptually analogous to vapor-based NMR
devices, have been recently reported. These sensors are based
on nitrogen-vacancy color centers in diamond [117], [118],
[119], [120].

V. CONCLUSION

Miniaturization is a fundamental technological driver, and
its application to very successful optoelectronic sensors, such
as the FOG, has been reviewed in this article. Miniaturized
navigation-grade FOGs that can be integrated into IMUs with
a volume smaller than 100 cm3 do not exist on the market and
have never been experimentally demonstrated.

The most difficult component of the FOG to miniaturize
is the coil. If it is made of fiber, then its minimum external
diameter for navigation-grade performance is approximately
some tens of millimeters, which is not fully compatible with
demonstrating a miniature navigation-grade FOG. If the coil
is implemented on chip using a planar waveguide, then its
maximum length is currently on the order of a few meters,
which is not compliant with the navigation-grade performance
class. Overcoming the current limitations mentioned above is
the aim of various research activities underway worldwide, the
success of which appears uncertain. In the field of miniatur-
ization of the broadband optical source, important results have
been recently achieved, including the implementation of the
source using a laser diode with phase-modulated output. These
findings will have a significant impact on the miniaturization
of FOGs once additional experimental evidence backs them
up. In principle, the remaining optical and optoelectronic com-
ponents of the FOG, as well as the source, can be integrated
into a single chip. The various attempts made in this direction
show that the achievement of a PER of 60 dB, which is typical
for a LiNbO3 MIOC, is challenging. Source integration is
relatively simple only for an SLD, whose stability is typically
considered to be not compliant with navigation grade.

Recently, quick technological progress in the concept of
an interferometric optical gyroscope fully integrated on a
silicon chip has been made. Moreover, the combination
of a photonic integrated FOG for high-performance and
MEMS-based IMUs for roll and pitch information as well
as three-degree-of-freedom accelerometers through a sensor
fusion engine is considered a competitive navigation solution
in terms of performance, SWaP budget, and cost compared

to pure FOG- and MEMS-based IMUs [121]. This innovative
approach is intended for several applications that do not
demand navigation grade and have large potential markets,
such as self-driving vehicles and robots.

In summary, we believe that integrated microphotonics is
mature enough to allow the demonstration of a miniaturized
navigation-grade FOG in the medium term. This result should
have a clear scientific value, but it can only be reached with
large investments from both the public and private sectors.
These investments are likely to occur only if the advantages
over the main competing technology, i.e., silicon-based MEMS
gyroscopes, are clear. MEMS gyroscope technology is rapidly
advancing, and the possibility that in the short-to-medium
term, it will simultaneously reach the navigation-grade perfor-
mance class and levels of immunity to disturbances compatible
with the requirements imposed by the main emerging appli-
cations, which often demand both miniaturization and high
performance, cannot be excluded.
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