
J. Europ. Opt. Soc. Rap. Public. 9, 14013 (2014) www.jeos.org

Recent advances in miniaturized optical gyroscopes

F. Dell’Olio Optoelectronics Laboratory, Politecnico di Bari, Via Orabona 4, 70125 Bari, Italy

T. Tatoli Optoelectronics Laboratory, Politecnico di Bari, Via Orabona 4, 70125 Bari, Italy

C. Ciminelli
c.ciminelli@poliba.it

Optoelectronics Laboratory, Politecnico di Bari, Via Orabona 4, 70125 Bari, Italy

M. N. Armenise Optoelectronics Laboratory, Politecnico di Bari, Via Orabona 4, 70125 Bari, Italy

Low-cost chip-scale optoelectronic gyroscopes having a resolution ≤ 10◦/h and a good reliability also in harsh environments could have
a strong impact on the medium/high performance gyro market, which is currently dominated by well-established bulk optical angular
velocity sensors. The R&D activity aiming at the demonstration of those miniaturized sensors is crucial for aerospace/defense industry,
and thus it is attracting an increasing research effort and notably funds.

In this paper the recent technological advances on the compact optoelectronic gyroscopes with low weight and high energy saving are
reviewed. Attention is paid to both the so-called gyroscope-on-a-chip, which is a novel sensor, at the infantile stage, whose optical
components are monolithically integrated on a single indium phosphide chip, and to a new ultra-high Q ring resonator for gyro applications
with a configuration including a 1D photonic crystal in the resonant path. The emerging field of the gyros based on passive ring cavities,
which have already shown performance comparable with that of optical fiber gyros, is also discussed.
[DOI: http://dx.doi.org/10.2971/jeos.2014.14013]
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1 INTRODUCTION

Since several decades, gyroscopes are routinely mounted on
a wide range of vehicles such as military and civil airplanes,
military ships, submarines, satellites, space launchers, and
long-range ballistic missiles. All those applications, which are
in the field of aerospace and defense, demand angular veloc-
ity sensors with a resolution ≤ 10◦/h and a bias drift < 1◦/h.
For example, attitude and orbit control of satellites for Earth
observation/scientific mission and inertial navigation of sub-
marines impose very stringent requirements in terms of bias
drift and resolution, respectively of the order of 0.01◦/h and
0.1◦/h, while for applications such as autonomous naviga-
tion of rover vehicles and inertial navigation of missiles there
are more relaxed requirements, i.e. bias drift in the range
from 0.1◦/h to 1◦/h and resolution in the range from 1◦/h
to 10◦/h [1, 2].

More recently other gyro application areas have emerged, i.e.
robotics, medical instruments, automotive, and consumer ap-
plications. MEMS technology dominates those new markets
assuring small device size, weight and fabrication cost [3]. Al-
though continuous growth in the MEMS gyroscope market is
expected along with their performance enhancement, reliabil-
ity still remain a critical issue.

The application domains of angular velocity sensors with the

FIG. 1 Applications and requirements for different gyroscope technologies.

required performance and the available gyro technologies are
summarized in Figure 1.

Almost half of the high-performance gyroscope market is
covered by defense applications, while commercial aerospace
represents the 25% of the market [4]. Currently these two
market sectors are dominated by two well-established opto-
electronic angular velocity sensor technologies, i.e. the op-
tical technology, with Ring Laser Gyroscopes (RLGs) [5, 6]
and Fiber Optic Gyroscopes (FOGs) [7]–[9], both based on
the Sagnac effect [10], and the Hemispherical Resonator Gy-
roscopes (HRGs) [3, 11] based on the Coriolis force.
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RLGs are robust devices, with no moving part and high resis-
tance to vibrations and temperature gradients that can achieve
high performance, i.e. resolution below 1◦/h and bias drift
better than 0.1◦/h [5, 6]. These features make them suitable
for applications demanding high and very high performance,
especially in harsh environments. The RLG configuration in-
cludes either a triangular or a squared bulk optical cavity
where a gaseous gain medium sustains the excitation of two
optical waves propagating in the two opposite directions; at
each corner of the cavity a high quality mirror is placed. When
the device is rotating, a difference between resonance frequen-
cies of the two modes arises, that is proportional to the ro-
tation rate. Making one of the mirrors partially transmissive,
a portion of each wave is extracted and sent to the read-out
system that includes a prism, where the two extracted beams
are combined, and a photodetector array, where the almost
collinear beams exiting from the prism interfere to form a
fringe pattern. Since the fringe pattern moves on the detector
array surface in a direction depending on the sense of rota-
tion, it is possible to determine the sign of the rotation rate.
The angular velocity can be estimated by counting the inten-
sity maxima in the fringe pattern.

The FOG is a phase sensitive device where the phase shift be-
tween two counter-propagating waves in a fiber coil is de-
tected [7]–[9]. Its performance is similar to that of RLGs, i.e.
bias drift ranging from 0.001◦/h to 1◦/h and resolution from
0.01◦/h to 10◦/h. These sensors have been utilized in sev-
eral space missions such as Pleiades for the Earth observa-
tion [12], Aeolus for the observation of the atmospheric wind
profile [13], and Planck to study the cosmic background ra-
diation [14]. Due to the sensitivity to external perturbations
(vibration transients, thermal and stress perturbations), FOGs
cannot be extensively used for aircraft inertial navigation, due
to a very harsh environment, while they are suitable for se-
lected space applications where vibration and temperature
transients are not so severe, even though attention will be paid
to the ionizing radiation sensitivity.

Another kind of gyroscope that reaches the requirements for
space applications is the Hemispherical Resonator Gyroscope
(HRG). The recently launched Alphasat telecommunications
satellite uses this kind of gyroscope for the attitude determi-
nation and control [15]. The sensing element of an HRG is a
quartz hemispherical resonator with extremely high quality
factor, up to 26 million [11]. Driving electrodes are used to ex-
cite a standing wave in the rim of the hemispherical resonator.
In presence of rotation around the axis of the rim, nodes of
the standing wave, otherwise fixed, rotate of an angle propor-
tional to the rotation rate. The major disadvantage of this de-
vice, having a volume of several thousand of cm3, is its high
cost.

RLGs, FOGs, and HRGs are expensive bulk sensors with out-
standing performance having weight, size, and power con-
sumption which are incompatible with some key emerging
applications such as attitude and orbit control of micro/nano
satellites. In fact, those applications demand miniaturized gy-
roscopes with resolution around 10◦/h or less, which are not
available on the market. Available gyros with that value of res-

olution or even better, i.e. RLGs, FOGs and HRGs, have large
weight and size, and high power consumption.

The development of a reliable and low-cost miniaturized gy-
roscope, having a minimum detectable angular velocity of
the order of 10◦/h, is a key technological challenge, which is
motivating an increasing research effort. In literature at least
three technological approaches have been proposed to face
that challenge: the improvement of the MEMS gyros perfor-
mance [16], the development of micro-gyros based on nuclear
magnetic resonance (NMRG) [17], and the miniaturization of
photonic gyros through integrated optical technologies, the so
called gyroscope-on-a-chip (GoC) [18, 19].

While for MEMS gyroscopes the reliability issue is still open,
and the NMRG, which exploits the shift of the Larmor pre-
cession frequency of nuclear spins to sense rotation, has seri-
ous critical aspect related to the complex fabrication technique
and the sensitivity to magnetic fields, integrated optics allows
the fabrication of gyros intrinsically immune to electromag-
netic interference, with a very good resistance to harsh envi-
ronments, and quite insensitive to vibrations.

In this work, chip scale optoelectronic gyroscopes are critically
reviewed. An active optoelectronic gyroscope, using a semi-
conductor ring laser (SRL) as the source and the sensing ele-
ment, was first proposed in [20] at the middle of ’80s. In SRL-
based gyros, mode competition and backscattering inside the
optical cavity make quite complex the generation of the beat-
ing signal allowing the angular rate estimation. The Resonant
Micro-Optic Gyro (RMOG) overcomes these effects by using
a passive resonant cavity with high Q-factor. RMOGs based
on either a silica-on-silicon ring resonator with very low loss
or an InP resonator that allows the monolithical integration
of all active and passive components on the same chip are
discussed. A very innovative gyro configuration based on a
ring resonator with a 1D photonic crystal (PhC) in the reso-
nant path is also discussed. Moreover gyros using photonic
structures including multiple ring resonators are reviewed.

2 SRL GYROSCOPES

The key component of the SRL gyroscopes is the ring laser,
which is the element sensitive to rotation. SRL operates in
single-longitudinal-mode conditions, exciting two lasing
modes in the two opposite directions, clockwise (CW) and
counter-clockwise (CCW). According to the Sagnac effect,
in presence of a rotation around the normal to the plane
of the ring cavity, the two beams propagate along different
optical paths and, consequently, they have different resonance
frequencies, νCW and νCCW . The difference ∆ν = νCW − νCCW ,
is proportional to the rotation rate Ω. For the circular ring
laser it results in:

∆ν =
2R
λ

Ω = SΩ (1)

where S = 2R/λ is the gyro scale factor, R is the ring radius
and λ is the sensor operating wavelength.

Both performance and limitations of these gyros are strictly
related to the SRL operating characteristics.
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In a SRL the positive feedback is provided by a closed cavity
that could have different shapes: circular, racetrack, squared,
or triangular. In the design of both circular and racetrack SRLs
attention must be paid to bending loss that increases when the
curvature radius decreases. Conversely, squared and triangu-
lar SRLs, can provide lower loss [21].

Electrically pumped SRLs are fabricated in III-V semiconduc-
tors and their basic structure includes a substrate and a pn
junction that encloses the active region. Usually the active re-
gion is formed by a graded-index separate confinement het-
erostructure in which there are single or multiple quantum
well separated by barriers of graded-index. The advantage of
this configuration is the possibility to separate the optical and
the electrical confinements.

In the evolution of the SRL, attention was paid to the ap-
proach used to partially extract the beams generated within
the laser cavity. In fact, the coupling mechanism affects the
laser behavior, causing back-reflection in the cavity, so defin-
ing the portion of the light extracted from the cavity. The us-
able coupling techniques are: Y-junction, multimode interfer-
ence (MMI) coupler and evanescent coupler. The first one has
very strong intracavity back-reflection, while this is negligible
in the case of the evanescent coupler, even if this latter requires
a very accurate fabrication process because of the very small
gap between the resonator and the waveguide. For the MMI
coupler the fabrication tolerance is not so stringent and intra-
cavity back-reflection is weak [22, 23].

In [24] the fabrication and the optical characterization of an
SRL with a double quantum well GaAs/AlGaAs structure
weakly coupled to a straight waveguide, is reported. The
threshold current measured for this laser, having a radius of
1 mm, is 195 mA. At high injection current nonlinear effects
arise due to self-saturation and cross-saturation effects in the
gain medium, which, together with the mode competition ef-
fect and the lock-in effect, degrade the performance of the de-
vice.

A racetrack SRL with an S-section within the ring, as
sketched in Figure 2, is reported in [25]. The cavity has
a total length >10 mm and is fabricated on an InGaAs-
GaAs-AlGaAs double-quantum-well heterostructure. The
introduction of the S-section has the aim to provide uni-
directional operation of the laser (see Figure 2) [26]. When
forward biased, the S-section provides a nonreciprocal gain
for the clockwise mode and the suppression of the undesired
counter-clockwise mode.

The ultimate and unavoidable limit on the minimum de-
tectable rotation rate, i.e. quantum limit, is caused by the laser
spontaneous emission [27], which randomizes the phase of
the electric field introducing uncertainty in the determination
of the resonance frequency of each mode. The quantum noise
limited minimum detectable rotation rate is given by:

δΩ =
δν

S
√

POUT

√
Bhc
ηλ

(2)

where POUT is the output laser power, δν is the linewidth of
the laser beams, B is the sensor bandwidth, η is the photode-

1 mm lasing
direction

2 mm

FIG. 2 Racetrack Semiconductor Ring Laser (SRL) with S section.

tector efficiency, λ is the laser operating wavelength. The sen-
sor sensitivity could be increased using a large resonator, high
output power or narrow laser emission linewidth.

As a consequence of the lock-in effect, the evaluation of the ro-
tation rate is not possible in the Ω range [-Ωlock−in, +Ωlock−in]
where the two lasing modes are locked at the same frequency.
In fact, due to the sidewall roughness of the ring a portion
of each mode is backscattered. At low rotation rate this ef-
fect is very intense resulting in the coupling of the two modes.
Such a phenomenon can be suitably described by the follow-
ing equation that accounts for the phase (ψ) evolution of the
two propagating modes inside the cavity:

dψ/dt = SΩ + b sin(ψ) (3)

where b is the backscattering coefficient, which accounts for all
the back-reflected light. At low rotation rate, the term b sin(ψ)
is not negligible, and the equation has two stationary solu-
tions with dψ/dt = 0, i.e. the two propagating modes are
locked at the same frequency.

As already mentioned, the idea of the SRL-based gyro was
proposed in [20] for the first time. The configuration of that
sensor includes the laser, with an InGaAsP active layer, and a
Y output coupler. In [28], it is suggested the possibility to fab-
ricate (on a single III-V semiconductor substrate) the ring laser
integrated with two phase modulator operating in push-pull
mode, in order to assure stable bidirectional operation of the
laser, and an U-shaped output waveguide outcoupling a frac-
tion of the optical power to a photodetector that detects the
interference pattern of the two counter-propagating modes.

The design of the gyroscope sketched in Figure 3 [29, 30],
was oriented to the optimization of the sensor footprint,
an important feature for space applications [31]. An exter-
nal SRL encloses an output coupler, two Y-junctions, and
an MMI coupler, which allows the interference between the
two counter-propagating lasing modes, and two photodetec-
tors. The waveguides are fabricated in a GaAs/AlGaAs sin-
gle quantum well structure. Both physical and geometrical
parameters, such as number of quantum wells, Al concentra-
tion, doping concentration and ridge width were accurately
modelled in order to reduce the laser threshold current and
increase the efficiency, thus limiting loss and improving car-
rier confinement.

Another proposal of an SRL-based gyro on a single GaAs chip
is described in [32]. Design criteria, fabrication and experi-
mental characterization of the SRL are reported in [33], but
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PD
SRL

 curved 
waveguide

MMI coupler

FIG. 3 Compact configuration of an SRL based gyro [29, 30] that includes an SRL inside

of which there are a curved waveguide, an MMI coupler and two photodetectors for

the system read-out.

no beating frequency was measured from the device rotation
treated up to 109◦/h [34].

The sensor proposed in [35] has the objective to simplify the
gyro, detecting the Sagnac frequency difference directly from
the voltage signal across the laser electrodes, thus avoiding
the need of additional read-out components. To confirm this
possibility, experiments have been conducted on a SRL gyro
whose ring resonator is a fiber loop using a semiconductor
optical amplifier (SOA). The minimum detected rotation rate
reported is equal to ∼2×103◦/h. Thus a proof of the direct
proportionality between the applied mechanical rotation and
the voltage across the SOA terminals was given. A theoretical
analysis on the physical behavior of that device based on rate
equations has been developed in [36].

The patented miniaturized integrated optical gyroscope
in [37] has a footprint of 3 mm × 5 mm, including a double
quantum well ring laser, a circular directional coupler, an
electro-optic phase modulator, an Y-junction and a photode-
tector (see Figure 4). The two beams, allowing the angular
velocity estimation, are generated by the ring laser, extracted
by the coupler and interfere in the Y-junction, where the beat-
ing signal is generated. The electro-optic phase modulator
operates in push-pull configuration adding a constant phase
shift of π/2 to the two counter-propagating laser beams.
This phase shift allows the detection of the sign of rotation.
The choice of the material substrate (GaAs) is oriented to the
reduction of the emission wavelength and the consequent
scale factor improvement. The calculated shot noise limited
resolution of that sensor is 0.01◦/h.

The backscattering induced lock-in and the mode competition
make difficult the establishment of the laser bidirectional op-
eration that is the basic requirement for the SRL-based gyro. A
way to avoid these problems is presented in [38]. The config-
uration of this device is sketched in Figure 5. It includes two
unidirectional racetrack shaped cavity lasers, with a total cav-
ity length of 10.28 mm (1 mm radius of curvature and 2 mm

PD

FIG. 4 Configuration of the SRL based gyro chip (3 mm x 5 mm) on GaAs [37].

FIG. 5 Active gyroscope realized with two unidirectional racetrack SRL inside of which

spiral waveguide sections prevent lasing in the undesired direction.

long straight sections) and straight waveguides which are part
of a Y-junction where the beams coming from the lasers are
mixed and then detected by the photodetector PDout. Remain-
ing photodetectors are used to monitor the suppression ratio
of lightwaves in the undesired directions. As already men-
tioned, one possible way to achieve unidirectional operation
is the introduction of an S-waveguide as sketched in Figure 2.
An alternative option is the use of spiral absorbing elements
(as shown in Figure 5) inside the laser cavity. In any case the
beam in one direction experiences much higher loss than in
the other.

No experimental evidence of the possibility of measuring ro-
tation by those devices is available in the literature.

A different approach for the rotation measurement is pre-
sented in [39]. Here the sensing element is a circular Bragg
laser in which two lasing beams propagate along a circular
defect, with refractive index nde f , surrounded, on the oppo-
site sides, by two Bragg reflectors formed by alternating layers
with refractive indexes n1 and n2 (see Figure 6). An accurate
design of a non-periodic index profile for the two Bragg reflec-
tors allows good confinement of light in the guiding defect. In
presence of a rotation the two counter-propagating beams ex-
hibit not only a different resonance frequency, but also differ-
ent Q-factor values. In particular, the beam that propagates in
the opposite direction with respect to the rotation has a higher
Q-factor than the other one. While the resonance frequency
difference between the two counter-propagating beams is lin-
early proportional to the rotation, the Q-factor difference ex-
hibits an exponential dependence on the rotation and, conse-
quently, a gyroscope based on this laser could have a signifi-
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FIG. 6 Circular Bragg laser with a circular guiding defect, having refractive index ndef,

surrounded by two Bragg reflectors in which dark rings have refractive index n1 and

white rings n2 < n1 [39].

cantly enhanced performance. To our knowledge, that concept
was never experimentally demonstrated.

In the last few years, the research effort on the SRL-based gyro
was quickly decreasing due to some critical aspects of that de-
vice. We believe that only the identification of effective coun-
termeasures mitigating lock-in and mode competition could
allow the demonstration of the first prototype.

3 RESONANT MICRO OPTICAL
GYROSCOPES (RMOGS)

Critical effects in SRL gyroscopes, i.e. backscattering, lock-in
effect and mode competition, are intrinsically related to the
SRL operation features. Therefore, they can be overcome by
decoupling the laser source and the sensing element, as in the
Resonant Micro-optic Gyroscope (RMOG), in which a passive
ring resonator operates as the sensing element and an external
laser source is used.

The configuration of an RMOG includes a narrow linewidth
laser source, a high Q ring resonator, an optoelectronic pro-
cessing unit, two photodetectors and an electronic read-out
unit (see Figure 7). This sensor can be manufactured by using
different technologies for each component: hybrid or mono-
lithic integration. In the hybrid integration, it is possible to
choose, for each component, the technology that assures the
best performance, but the alignment of all components is dif-
ficult and the loss is larger. Monolithically integrated gyro-
scopes are surely more robust, compact and less power con-
suming.

In the RMOG, the rotation rate is measured by the differ-
ence between the resonance frequencies of the two counter-
propagating beams injected into the high Q ring resonator.
The ultimate limit on the measurement of the rotation rate is
set by the shot noise at the photodetectors and is given by [40]:

δΩ =
1

Qd
√

PPD

√
2hc3

λ0ητint
(4)

where d is the diameter of the ring resonator, Q its quality
factor, λ0 is the sensor operating wavelength, τint is the sensor
integration time, PPD is the power at the photodetector, η is

FIG. 7 Configuration of a Resonant Micro-Optic Gyroscope (RMOG), including a laser,

a Beam Splitter (BS), Opto-Electronic (OE) components for signal processing, a ring

resonator, two detectors (D) and an electronic read-out unit.

the photodetector efficiency, h is the Planck constant, and c is
the velocity of light in vacuum.

In addition to the unavoidable shot noise limit, RMOGs crit-
ical issues are the polarization fluctuations of the two modes
propagating in the resonator, the backscattering effect, and the
Kerr effect.

The key element of the system in Figure 7 is the ring res-
onator that strongly influences the gyro sensitivity. Currently
ring resonators are considered fundamental building blocks
for very large scale of integration (VLSI) photonics and a lot of
components based on them, such as filters, wavelength divi-
sion multiplexing systems, logic ports, modulators and lasers,
have been demonstrated.

Different material systems are used for the fabrication of ring
cavities. Silica-on-silicon and silicon nitride technologies al-
low the fabrication of resonators with very low loss [41]–[43],
but LiNbO3 [44], glass [45, 46], silicon [47], polymers [48], and
InP [49, 50] are also used. Along with these fully passive ring
resonators, some configurations, including an optical ampli-
fier to compensate losses, have been also proposed and exper-
imented [51, 52].

Gyroscope resolution can be enhanced through the use of
ring resonators with very high Q-factors (see Eq. (4)). High
Q values can be achieved by reducing ring resonator loss,
mainly propagation loss and scattering loss due to roughness
in waveguide sidewalls. To our knowledge, the best perform-
ing planar ring resonators are those ones reported in [41], fab-
ricated in silica-on-silicon technology, and in [42, 43], fabri-
cated in silicon nitride. In [41], measured propagation loss of
a phosphorous doped silica-on-silicon ring resonator having
a diameter of 6 cm, is equal to 0.0085 dB/cm and the resulting
Q-factor is equal to 2.3×107. More recently high-Q Si3N4 ring
resonators on silicon substrate have been reported. In [43],
for a ring resonator with 7 µm core width, 45 nm core thick-
ness, and 9.8 mm ring radius, a loaded Q-factor of 3.5×107

at 1550 nm has been measured, and the intrinsic Q-factor re-
sulted to be 5.5×107.

Moreover, also microtoroids and wedge resonators have
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demonstrated very high Q-factor. In particular, for the wedge
resonator in [53], having a diameter of 7.5 mm, an ultra-high
Q-factor equal to 8.75×108 has been experimentally demon-
strated. The monolithic integration of this kind of resonant
cavities with an input/output waveguide is a critical issue.
In [54] a technique allowing the fabrication of a microtoroid
and a bus straight waveguide monolithically integrated on
a silicon chip is reported. With the proposed fabrication
process, a microtoroid resonator, having a diameter equal to
70 µm, monolithically integrated with a bus waveguide has
been demonstrated to have Q = 3.2×106 at 1550 nm, and a
Q value in excess of 4 million at 1330 nm. However, because
of the complexity of the integration with other components,
these structures cannot be considered as sensing element of
the RMOGs.

3.1 RMOGs based on ultra-high Q
si l ica-on-si l icon ring resonator

RMOGs based on silica-on-silicon ring resonators have been
extensively studied [55]–[58] and some prototypes [59] have
been demonstrated. The main advantage of this technology is
the very low waveguide propagation loss achievable, down
to 0.01 dB/cm [41], which allows the fabrication of large ring
resonators with Q-factor as high as 107 that is beneficial for
the gyroscope resolution. For example an RMOG using the
ring resonator investigated in [41], which has Q = 2.3×107,
would have a theoretical estimated shot noise limited resolu-
tion equal to 0.2◦/h (with PPD = 1 mW; η = 0.9; τint = 10 s).

The possibility of using a silica-on-silicon resonator, as the
sensing element in a passive optical gyro, was first demon-
strated in [60], where the operation of an RMOG using a 5 cm
diameter resonator, having a finesse of 10, was designed and
experimentally investigated. The resolution was of the order
of 106◦/h. Without the implementation of suitable counter-
measures for fundamental noise sources, i.e. polarization fluc-
tuations [61] and backscattering [62], which affect the rotation
rate value adding an error that is higher than the shot noise,
a good resolution in an adequate integration time cannot be
achieved.

The aim of the approach in [63] was the integration on the
same silica planar circuit of both the ring resonator and the
optical components used to limit noise sources (Figure 8). The
14.8 cm long ring has a Q-factor = 2×106, with a waveguide
propagation loss equal to 0.024 dB/cm. The integrated opti-
cal components for the noise mitigation are a silicon film that
applies a pressure on the waveguide in order to reduce the
polarization fluctuation effects and a thermo-optic modula-
tor, operating in combination with a Mach-Zehnder interfer-
ometric switch, to implement the Binary Phase Shift Keying
(B-PSK) modulation. However, because of their narrow band-
width, thermo-optic phase modulators are not so efficient in
reaching the carrier suppression, necessary to overcome the
backscattering induced noise, at the right level [64].

Better performance can be reached by using LiNbO3 phase
modulators external to the chip for the phase modulation.
Depending on the RF signal driving the modulator, differ-
ent modulation techniques can be implemented: Single Phase

FIG. 8 Silica planar circuit including a ring resonator, a silicon film, a switch a thermo-

optic modulator, and two photodetectors (PDs) [63].

Modulation Technique (SPMT) [62], Double Phase Modula-
tion Technique (DPMT) [65], and Hybrid Phase Modulation
Technique (HPMT) [66]. In the first case a couple of phase
modulators, driven by sinusoidal signals at different frequen-
cies, is used to achieve the suppression of the carrier compo-
nents of the two counter-propagating beams [62, 64]. While
this technique requires an accurate optimization of the modu-
lation index, the DPMT has more relaxed constraints because
two pairs of phase modulators in series are used to obtain
additional carrier suppression [65]. In the last case the phase
modulators are driven by signals, which are the sum of oppo-
site slope triangle waves and sawtooth waves [66].

Another solution to improve the RMOG performance is based
on the use of a spiral resonator, thus increasing the resonator
optical path while maintaining a footprint close to 20 cm2.
Recently, a three loop spiral Ge-doped silica waveguide res-
onator, with the angle of the two crossing points close to 90◦to
reduce loss [67], has been characterized and its use as the sens-
ing element of an RMOG has been also investigated [68].

The spiral resonator in [68], having a length of 42 cm, a foot-
print of 20 cm2, propagation loss of 0.1 dB/cm, is evanescently
coupled to two bus waveguides. The excess loss due to cross-
ing points is < 0.01 dB. The experimental setup for its optical
characterization includes a tunable laser, a polarization con-
troller at the input of the sensing element used to select the
eigenstate of polarization of the beams exciting the resonator,
a thermoelectric cooler, keeping constant the temperature of
the silica chip, and two photodetectors connected to an oscil-
loscope. A Q-factor of 1.5×106 has been calculated on the basis
of the measured value of the full width at half maximum. The
value of the estimated resolution is 156◦/h, being the scale fac-
tor equal to 2.88×104, the photodetector efficiency 0.9, the in-
tegration time 1 s and the measured power at the photodetec-
tor equal to 10 µW. This last value is so low because of the high
loss due to the fabrication process and coupling interfaces ex-
perienced by the optical beams in their propagation from the
laser source to the photodetectors. Improving this value up
to 2.4 mW, the target resolution of 10◦/h has been calculated,
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FIG. 9 Configuration of the ring resonator with a 1D PhC included in the resonant path.

while maintaining the same footprint. The estimated bias drift
of that sensor is equal to 0.2◦/h.

In order to maximize the Q-factor of the RMOG sensing ele-
ment, resonators with loss compensation have also been in-
vestigated, as already mentioned. In the configuration pro-
posed in [51], two SOAs are hybridly integrated, in symmet-
rical positions within the resonator, in order to fully compen-
sate propagation loss. A Q-factor of 2.9×108 and a minimum
detectable rotation rate of 0.2◦/h can be predicted for the res-
onator having a length equal to 94.8 mm. Critical issues of this
configuration arise from nonlinear effects that make complex
its control. Another type of compensated resonator is inves-
tigated in [52]. The proposed racetrack cavity is fabricated
by using an active waveguide in neodymium doped glass.
A Q-factor of 1.9×107 is reached for the resonator having a
length of 56 mm.

An alternative RMOG configuration is proposed in [69]. That
sensor is based on two ring resonators that are fabricated in-
dependently and then bonded back-to-back into one chip. The
aim of this approach is the reduction of the backscattering,
Kerr effect and the polarization fluctuation induced noise.
Since only one beam propagates in each resonator, there is
not interference between backscattered light and propagating
beam. The performance of that device is not mentioned by the
authors.

A very innovative approach for the enhancement of the
Q-factor in ring resonators for gyro applications, is described
in [70], where a 1D PhC is included in the resonant path of a
circular ring cavity. A possible realization of that idea is a ring
resonator in silica-on-silicon technology having a diameter
of 4.59 cm, weakly coupled to a straight bus waveguide
(coupling efficiency about 2%). The resonant path includes
a low-index-contrast Bragg grating extending over all its
length that could be fabricated by an appropriate UV writing
technique (see Figure 9). Assuming that the guiding structure
has a propagation loss of 0.07 dB/cm, a Q-factor of about
7×109 has been calculated for that resonant device.

Basic features of the RMOGs based on silica-on-silicon res-
onators with the best shot noise limited resolution are sum-
marized in Table 1. The gyro with the best experimentally

measured performance is reported in [65, 71]. The configura-
tion of this RMOG includes a fiber laser, whose frequency is
locked to the resonance frequency of the CW resonant mode,
two couples of phase modulators implementing double phase
modulation technique, the sensing element and other opto-
electronic components. The sensing element is a polarization
maintaining silica waveguide ring resonator having a diame-
ter of 2.5 cm and a Q-factor of 3×106. The double phase modu-
lation scheme has allowed the reduction of the short term bias
stability down to 38◦/h, for an observation time of 60 s and
an integration time of 10 s. The minimum detectable rotation
rate was about 400◦/h [65]. With the same device a long term
bias stability of 800◦/h for 1 h observation time is obtained.

At this stage of their development, RMOGs based on silica-
on-silicon cavities exhibit performance which is still far from
that are demanded by aerospace and defence industry. They
could be used in automotive and consumer electronics where
the low-cost MEMS gyros already dominate. Therefore only
after the enhancement of their performance of one/two or-
der of magnitude, those RMOGs could have a role in the gyro
market. We believe that RMOGs based on a cavity including a
Bragg grating in the resonant path will have a disruptive im-
pact on the market if their performance will be experimentally
confirmed.

3.2 InP based gyro on a chip

While giving the opportunity to make the best technological
choice for each component of RMOGs, the hybrid integration
imposes tight requirements on the alignment of number of
opto-electronic components. The alternative technological so-
lution, i.e. the monolithic integration of all gyro optoelectronic
components on the same substrate, can provide higher com-
pactness of the device and improved immunity to external
disturbances. The III-V semiconductor technology is the only
one that could allow the fabrication of a GoC, which includes
all active and passive components on the same substrate thus
enhancing the scaling of the optical resonant gyroscopes.

The key element of the fully integrated RMOG remains the
ring resonator, whose size and performance determine the
gyro resolution: the product between the resonator Q-factor
and its diameter is inversely proportional to the minimum de-
tectable rotation rate (see Eq. (4)). As described in [49], a ring
resonator with Q ≥ 106 and d ≥ 10 mm is necessary to achieve
a resolution of δΩ = 10◦/h or less.

Although ring resonators have been demonstrated both
in In1−xGaxAsyP1−y/InP and in GaAs/AlxGa1−xAs sys-
tem, the research effort has been focused on the InP based
material since it exhibits lower loss. However, since in
In1−xGaxAsyP1−y/InP waveguides propagation loss is typi-
cally higher than 1 dB/cm, which does not allow to achieve a
required Q value ≥ 106, the optimization of the waveguide
design and improvement of the technological process still
remains an important goal.

The design, fabrication and characterization of a ring res-
onator with radius of 13 mm, coupled to a single bus waveg-
uide and fabricated with low loss InGaAsP/InP rib waveg-
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Authors

Measured
Short term

bias stability
(τint = 10 s)

Measured
Resonator Resonator long term Theoretically Shot noise Measured
footprint Q-factor bias stability estimated limited resolution

(observation bias stability resolution (*)
time 1 h)

(cm2) (◦/h) (◦/h) (◦/h) (◦/h) (◦/h)
Ma et al.,

6.25 3×106 40 800 - 5 400Mao et al.
[65, 71]

Feng et al.,
16 7×106 800 1800 - 1 -Lei et al.

[66, 72]
Ciminelli

20 1.5×106 - - 0.2 5 -
et al. [68]
Ciminelli

21 7×109 - - - < 0.01 -
et al. [70]

* Theoretical value with PPD = 1 mW; η = 0.9; τint =10 s.
TABLE 1 Basic feature of the best performing RMOGs based on silica-on-silicon ring resonators.

FIG. 10 Spectral response of the ring resonator having radius 13 mm, coupled to a

single bus waveguide from which is separated by a 1524 nm gap; this resonator has a

quality factor of 0.97×106. Reprinted from Ref. [50] with permission of OSA 2013.

uide are reported in [73, 50]. For the realized rib waveguide,
with an etch depth of 0.3 µm and a width of 2 µm, a propa-
gation loss for the fundamental quasi-TE mode reaching the
record value of 0.45 dB/cm has been measured.

Using an experimental setup that includes a tunable laser and
a photodetector connected to an oscilloscope, the resonator
spectral response has been measured (see Figure 10). The res-
onator has a quality factor equal to 0.97×106 [50]. If it is used
as the sensing element of an RMOG, the target resolution of
10◦/h can be reached with an average power at photodiodes
input equal to 13.84 mW. In addition to the increase of the
power at photodiodes, in order to obtain better performance, a
further decrease of the propagation loss is required or a larger
resonator must be used. Unfortunately, this last choice implies
an increase of the chip footprint with negative consequence on
the uniformity of the technological process.

We believe that the GoC concept is very promising and at-
tractive, although its experimental demonstration demands
an additional notably technological effort.

3.3 RMOGs read-out

The RMOGs read-out system has a crucial role in RMOGs,
being the frequency difference between the two counter-
propagating resonant modes (∆ν = νCW − νCCW), from which
the measure of the rotation rate is extracted, very little, of the
order of 1 Hz. Moreover, an efficient signal processing tech-
nique must be implemented in order to distinguish the rota-
tion induced ∆ν from the noise sources, such as backscattering
induced noise [62, 64, 65], laser frequency noise [74], and fluc-
tuations of the resonance frequency of the resonator mainly
due to the temperature drift [75].

Among several configurations proposed for the read-out, ba-
sically two options are possible, i.e. phase or frequency modu-
lation of the optical signals exciting the ring resonator. Due to
its simplicity, the first technique is the most common. In both
cases the read-out circuit can be designed in either open or
closed loop configuration.

The configuration of the read-out system using phase mod-
ulation technique is depicted in Figure 11. The signal from
the laser source is split by the beam splitter (BS). Before en-
tering the resonator cavity, the two beams are phase modu-
lated by the two phase modulators PM1 and PM2 and fre-
quency shifted by the acousto-optic frequency shifters AOM1
and AOM2. At this point the amplitude of the two beams en-
tering the resonator in the CW and CCW direction (Ein,CW and
Ein,CCW), can be written as:

Ein,CW =
E0√

2
expi[2π(ν0+δν1)t+M sin(2π f1t)]

∼=
E0√

2
expi2πν1t

2

∑
k=2

Jk(M) expi2π f1t

Ein,CCW =
E0√

2
expi[2π(ν0+δν2)t+M sin(2π f2t)]

∼=
E0√

2
expi2πν2t

2

∑
k=2

Jk(M) expi2π f2t (5)

where E0 and ν0 are the intensity and the emission frequency
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FIG. 11 Configuration of read-out architecture based on phase modulation spectroscopy

technique in closed-loop configuration. (BS beamsplitter, PM phase modulator, AOM

acousto-optic modulator, PD photodetector, LIA lock-in amplifier).

FIG. 12 Spectra of generated, phase modulated and frequency shifted laser signal (nis

the frequency and S(n) is the power spectral density).

of the laser source, respectively, δν1,2 are the frequency shifts
due to AOM1 and AOM2, ν1,2 = ν0 + δν1,2 are the frequencies
of the beams entering the resonator, f1,2 and M are the phase
modulation frequencies and the modulation index of PM1 and
PM2, respectively. Under the assumption that the phase mod-
ulation index (related to the amplitude of the sinusoidal mod-
ulating signal and to the half-wave voltage of phase modu-
lators, M = πV/Vπ) is close to 1, the two equations can be
approximated by the series expansion, with k the index of the
summation and Jk the Bessel functions of the first kind. As a
consequence of the phase modulation, spectral components at
ν0± f1,2 and ν0± 2 f1,2 appear, and these components, with the
original one at ν0, are all shifted by AOMs, as it is schemati-
cally shown in Figure 12.

After exciting the cavity, the amplitudes of the beams at the
output of the sensing element are given by:

Eout,CW =
E0√

2
expi2πν1t

k=2

∑
k=−2

Jk(M)H(ν1 + k f1) expi2π f1t

Eout,CCW =
E0√

2
expi2πν2t

k=2

∑
k=−2

Jk(M)H(ν2 + k f2) expi2π f2t (6)

where H is the resonator spectral response having a
Lorentzian-like shape. These two signals are sent to the
photodetectors whose outputs are voltage signals that can be

FIG. 13 Configuration of the read-out architecture based on phase modulation spec-

troscopy in open-loop configuration. (BS beamsplitter, PM phase modulator, PD pho-

todetector, LIA lock-in amplifier).

written as:

DCW =

ZPDRPD

∣∣∣∣∣ E0√
2

k=2

∑
k=−2

Jk(M)H(ν1 + k f1) expi2π f1t

∣∣∣∣∣
2

∼=

ZPDRPDE0√
2

[A1 + B1 cos(2π f1t) + C1 cos(4π f1t)]

DCCW =

ZPDRPD

∣∣∣∣∣ E0√
2

k=2

∑
k=−2

Jk(M)H(ν2 + k f2) expi2π f2t

∣∣∣∣∣
2

∼=

ZPDRPDE0√
2

[A2 + B2 cos(2π f2t) + C2 cos(4π f2t)] (7)

where

Aj = J2
0 (M)H2(νj) + J2

1 (M)[H2(νj + f j) + H2(νj − f j)]

Bj = 2J1(M)J0(M)H(νj)[H(νj + f j) + H(νj − f j)]

Cj = −2J2
1 (M)H(νj + f j)H(νj − f j) (8)

j = 1, 2, and ZPD and RPD are the impedance and the respon-
sivity of the photodetectors, respectively.

The signals go from the photodiodes to the two lock-in ampli-
fiers LIA1,2. LIAs, which are driven by the same signals driv-
ing the two phase modulators, have an output that is a DC
voltage level proportional to the amplitude of the harmonic
component at frequencies f1,2. When the frequencies of the
two beams, ν + δν1,2, are equal to the resonant frequencies of
the resonator in the two directions, the coefficient Bj is equal
to 0, being H a symmetrical function, so the LIAs outputs are
null. On the contrary if this condition is not satisfied the LIAs
outputs are proportional to the harmonic components at fre-
quencies f1,2.

In the closed loop configuration the two LIAs output signals
are used to lock, by means of the two AOMs, the central fre-
quency of each beam entering the resonator (ν1,2) to the reso-
nant frequencies νCW and νCCW , so that the difference between
AOMs driving signals is the gyro output (see Figure 11). In
this case, a single frequency laser source can be used. On the
contrary, in the open loop configuration (see Figure 13) there
is only one feedback loop used to lock the laser frequency to
one of the two resonant frequencies. However, in this case, the
sensor sensitivity results degraded.

Research effort on the read-out system has to be spent for
the RMOG technology development. Several research groups
are already working on this topic since several years and the
achieved results appear to be very promising.
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FIG. 14 Configuration of a CROW based gyro: the input optical beam (with amplitude

E0) is split by a beam splitter (BS) and the two beams are coupled to the CROW where

they counter-propagate before being recombined in the BS. At the output the two

beams EOUT,1 and EOUT,2 are obtained.

4 MULTI RING CONFIGURATION FOR
ANGULAR VELOCITY SENSOR

Multi ring optical cavities as sensing elements of angular
velocity sensors, have attracted some interest in recent years,
because their large structural dispersion could enhance
the Sagnac phase shift [75, 76]. Coupled Resonator Optical
Waveguide (CROW) structures [78], in which high-Q res-
onators are coupled each other via evanescent fields, can be
used as the basic building block of a gyroscope having the
configuration shown in Figure 14.

According to [79] when two optical beams counter-propagate
in the rotating CROW, the Sagnac phase shift ∆Φ that they
accumulate is given by:

∆Φ =
ng

n0
∆φ (9)

where ∆φ is the Sagnac phase shift suffered by the beams in
a single ring, ng is the CROW group index and n0 is the re-
fractive index of the rings. Since the CROW group index can
be very high, ∆Φ may be larger than ∆φ. After the propaga-
tion, the two beams are combined in a 3-dB coupler and the
measure of the rotation rate is extracted by comparing the in-
tensity of beams coming out from the coupler.

Different configurations of multi-ring based gyros have been
proposed. In [78] a CROW structure with identical ring res-
onators, arranged along an arc, is suggested (Figure 15(a)).
Two resonators are coupled to two curved waveguides end-
ing in a 3 dB beam splitter from which the interference
signal of the two counter-propagating optical beams is ob-
tained. A slightly different configuration is proposed in [80]
(Figure 15(b)) where two nested ring resonators, having dif-
ferent radius, are coupled each other and the external one
is coupled to a bus waveguide. Both gyro configurations are
phase-sensitive.

Multi ring optical cavities impose severe fabrication require-
ments related to resonator size and loss. Fabrication process
must ensure an accurate control on the ring radius and the
gap between coupled resonators or between the resonators
and the bus waveguides. Loss must be minimized since a very
high Q-factor (≥ 107 [78]) is required for micrometer size res-
onators. In literature [81] a comparison between performance
of the Resonant FOG and the multi ring based gyro has been

 

FIG. 15 Different configuration of multi ring structures proposed as sensing element of

gyro: (a) CROW structure with five identical ring resonators, and (b) folded structure

with two nested ring resonator having one the half radius of the other.

reported together with some criticisms about the effectiveness
of enhancing the Sagnac phase shift in a multi ring structure.

In [82, 83] the impact of chirped CROW on the performance of
a gyro is analyzed. In [82] a comparison between the spectral
response of an array of identical resonators and an array of
resonators that have different dimensions is reported. In par-
ticular, the proposed configuration includes an odd number of
resonators, arranged in a symmetrical way. From the smaller
one at the center of the array to those at the edge, lengths
are increased of an integer number of wavelength. The trans-
mission spectrum of this chirped CROW has a larger band-
width with peaks of transmission isolated and enhanced with
respect to the standard CROW. In this way it is possible to ob-
tain a higher sensitivity of the gyro without increasing the res-
onators number. In fact, in [82], the authors state that the one
wavelength chirped structure with 5 resonators has a sensitiv-
ity equal to an un-chirped structure including 35 resonators.
Moreover, when coupling coefficients between resonators are
chirped, instead of their length, the spectral response exhibits
a sharper transmission resonance. This would allow the de-
sign of a phase sensitive gyro with a resolution of 0.002◦/h
and a footprint area of 0.16 mm [83].

An alternative approach, with respect to the phase sensi-
tive CROW based gyro described above, is suggested in [84],
where a frequency sensitive gyro based on a multi ring struc-
ture is investigated. The advantage of this configuration is the
enhancement of the scale factor, keeping equal footprint, with
respect to an RMOG with a single resonator. As sketched in
Figure 16 the structure analyzed includes three ring resonator
having different radius. Two counter-propagating beams are
injected in the triple ring resonator through a straight waveg-
uide. After resonating, the two beams are extracted from the
other straight waveguide. The central resonator has a radius
much lower than others, while the difference between the
other two radii is very small. The coupling coefficient be-
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FIG. 16 Triple ring resonator configuration with two bus waveguides used to inject

counter-propagating beams (Ein,1, Ein,2) and extract output beams (Eout,1, Eout,2) re-

spectively.

tween the inner resonators (ηint) and the coupling coefficient
between the external resonators and the bus waveguides (ηext)
are different. On the basis of numerical analysis, it has been
concluded that an enhancement of the sensor scale factor can
be obtained only if ηext > ηint. The ratio ηext/ηint must be
tuned in a way that assures the maximum enhancement with-
out a significant increase of ηint that can degrade the Q-factor
of the resonators. With the suitable optimization of rings radii
and coupling coefficients, it is possible to obtain an enhance-
ment of the gyro sensitivity without increasing its footprint.
Considering resonators with Q-factor as high as 106, a foot-
print reduction of about 1.88 can be obtained in the triple res-
onators structure with respect to the case of a single resonator
device.

5 CONCLUSIONS

The very promising research field of integrated optical gy-
roscopes is reviewed in this paper. Aiming at the develop-
ment of an optoelectronic ultra-compact gyro having per-
formance and reliability compliant with the requirements of
aerospace and defense industry, five technological approaches
have been explored, i.e. the SRL-based gyros, the RMOGs
based on ultra-high Q silica resonators, the InP gyroscope-on-
a-chip, the gyro configuration based on the ring cavity with
a Bragg grating in the resonant path, and the gyros based
on multi-rings cavities. All those devices have been critically
discussed; modulation techniques to improve the gyro reso-
lution have been also described. Advantages, critical aspects,
theoretical/experimental performance of each technology are
summarized in Table 2. We expect that a gyroscope-on-a-chip
prototype will be developed in the next few years. If the char-
acterization/qualification of that prototype will be success-
ful we believe that the gyroscope-on-a-chip will have a very
notably impact on the market of the angular velocity sen-
sors with a resolution of the order of 10◦/h or less. Proto-
types of RMOGs based on silica resonators have been already
reported by several research group but the experimentally
demonstrated performance is still at least one order of mag-
nitude worse than that one demanded by applications in the

field of aerospace and defense and thus an improvement of
those gyros is needed to realize a significant impact on the
market. Due to lock-in and mode competition SRL-based gy-
ros are still far from the prototyping stage while gyros based
on either multi-rings cavities or rings including a 1D PhC in
the resonant path seem to be promising, although further the-
oretical/experimental efforts are necessary to evaluate those
technological approaches.

We believe that in the next years the research effort will be
focused on the RMOGs. The technological activity will aim
at both the demonstration of cavities having an ultra-high Q-
factor and the improvement of the integration techniques en-
abling the fabrication of the InP GoC. An in depth theoretical
work on the most innovative cavities for gyroscopic applica-
tions, i.e. the multi-ring configuration and the resonator in-
cluding the 1D PhC, is also expected.
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Technology Advantages Critical aspects

Shot noise
limited Experimental

theoretical performance
resolution

Monolithic GaAs
configuration

based on a SRL [37]

PD

• Simple configuration
including a few
optoelectronic
components

• Simple read-out
circuit

• Lock-in

•Mode competition

• Rotation-induced
beating signal never

experimentally
observed

<0.1◦/h –

RMOGs based on
ultra-high Q Silica-on-

Silicon resonators [65, 71] • Decoupling of the
laser and the

sensing element

• Hybrid integration
allowing the selection
of the best technology
for each component

• Relative complexity
of the configuration
including more than

ten optoelectronic
components

<10◦/h

Resolution
about 400◦/h

Short term
bias drift =
40◦/h [71]

InP gyroscope-
on-a-chip [50]

 

• The monolithic
integration enhances

the device
compactness and

immunity to
external disturbances

(e.g., vibrations)

• No experimental
demonstration

10◦/h –

Gyro configuration based on
a ring resonator with

a 1D PhC included in the
resonant path [70]

• Extremely high
Q factor of the cavity

• Very good
expected resolution
(close to that one of

RLG and FOG)

• No experimental
demonstration

<0.01◦/h –

Gyro based on
multi-rings cavities [78]

• Good
performance/
footprint ratio

• No experimental
demonstration

<0.1◦/h –

TABLE 2 Advantages, critical aspects, theoretical/experimental performance of the different integrated optical gyroscope technologies.
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