
Quantum Electronics  46 (5)  437 – 446  (2016)  © 2016  Kvantovaya Elektronika and Turpion Ltd

Abstract.  This paper reviews recent advances in passive micro-opti-
cal gyroscopes. In the last decade, most research effort in the area 
of micro-optical gyros has been concentrated on a configuration 
that takes advantage of a single-mode passive ring resonator, which 
is usually fabricated using integrated optical technologies. The 
dimensions of such micro-optical gyros are comparable to those of 
micromechanical gyroscopes (area of 10 to 100 mm2) and their sen-
sitivity is considerably better than the sensitivity of the latter, 
approaching that of fibre-optic and laser gyros. Moreover, micro-
optical gyros can be made as a single integrated circuit, like the 
micromechanical gyros, but they have no movable parts, in contrast 
to their micromechanical counterparts. We also describe the devel-
opment and investigation of micro-optical gyros produced in our 
studies.

Keywords: passive ring resonator, interferometer, micro-optical 
gyroscope.

1. Introduction

Laser and fibre-optic gyros (LGs and FOGs) form the basis 
of strapdown inertial navigation systems owing to a number 
of  their  advantages  (broad dynamic  range  of  velocity mea-
surements, insensitivity to accelerations and overloads, short 
warm-up time and others) over traditional mechanical gyros. 
In  spite  of  significant  advances  in  this  area,  the  LGs  and 
FOGs cannot be used in systems for navigating compact por-
table movable objects because of their large size and weight. 
Another  drawback  to  the  optical  gyros  is  their  rather  high 
cost. The development of relatively cheap miniature gyros (of 
the order of a centimetre or less in size) for a wide range of 
applications is a priority issue in the field of orientation and 
navigation devices. This niche is currently occupied by vari-
ous  types  of micromechanical  gyros,  which  owe  their  exis-
tence primarily to advances in microelectromechanical system 
technologies. Nevertheless,  the sensitivity of the best micro-
mechanical gyros  is at  least  two orders of magnitude  lower 

than that of the optical gyros. Moreover, they are sensitive to 
linear  accelerations  and  various  types  of  mechanical  influ-
ences. The reason for this is that micromechanical gyro con-
figurations include an inertia mass suspended on torsion bars. 
An acceleration or vibration will thus cause the movable mass 
to deflect from its initial position, which will be detected by a 
sensor as a change in angular speed. If there are considerable 
vibrations or accelerations (tens to hundreds of g), the angu-
lar  speed cannot be measured by a micromechanical  sensor 
[1]. The described drawbacks  limit potential applications of 
the micromechanical gyros. The optical gyros are  free  from 
these drawbacks. In view of this, the miniaturisation of opti-
cal  gyros,  i.e.  the  ability  to  produce  micro-optical  gyros 
(MOGs) is currently of great practical interest.

Advances in integrated optics have laid the groundwork 
for  research  aimed  at  significantly  reducing  the  cost  and 
dimensions of optical gyros. The latter can be achieved e.g. by 
using a waveguide or fibre loop instead of mirror ring resona-
tors. Lasing  in  a waveguide  or  fibre  can  be  obtained  using 
stimulated Brillouin scattering [2] or by doping the waveguide 
or fibre core with rare-earth elements [3]. The main difficulty 
in making active resonator MOGs is the lock-in effect, whose 
zone  rapidly  increases  with  decreasing  perimeter.  Another 
obstacle is the large width of the uniform gain line and a large 
number of associated problems, among which of special note 
are the complexity of obtaining stable bidirectional lasing, the 
multimode laser operation and instability of the amplitude of 
counterpropagating waves. For  this  reason,  from  the  view-
point of miniaturisation of optical gyros the most interesting 
possibility is a passive ring resonator (PRR) gyro.

In contrast to the resonator  in the LGs, the PRR has no 
active  element  ensuring  generation  of  counterpropagating 
waves. A PRR gyro was first demonstrated and investigated in 
the late 1970s. It had a mirror configuration and its dimensions 
were essentially identical to those of the LGs (a usual triangular 
or square configuration 20 – 60 cm in perimeter) [4].

In  designing  the  first  PRRs,  the  main  purpose  was  to 
make an optical gyro similar in sensitivity to the LGs but with 
no  lock-in zone. It was  initially  thought  that,  in  the case of 
PRRs, locking of counterpropagating waves was impossible 
in principle, because there was no lasing and, accordingly, no 
nonlinear  effects.  Subsequently,  the  PRRs  were  shown  to 
have a lock-in zone, so this PRR configuration found no wide 
application. A  few years  later,  it  became  clear  that  the  fre-
quency locking in the PRRs was due to the nonlinear effects 
arising from the use of feedback loops. However, proper feed-
back loop designs allow the formation of a lock-in zone to be 
avoided. From the very beginning of research aimed at creat-
ing miniature optical gyros using integrated optical technolo-
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gies, it was clear that such a model for the PRRs is the most 
promising type of sensing element for MOGs [4].

2. Classification of passive MOGs according  
to sensing element connection

Passive MOGs can be divided into several types according to 
sensing element connection (Fig. 1).

2.1. Resonator MOGs

Most of the PRR MOG prototypes demonstrated to date are 
resonator gyros. The rotation rate of such a device is propor-
tional  to  the  frequency  difference  between  the  resonator 
eigenmodes for the two opposite propagation directions. The 
eigenfrequencies  of  the  PRR  can  be  determined  from  the 
amplitude characteristic (a dip or peak in the transmittance) 
of a multiple-beam ring interferometer comprising a resona-
tor and coupler [5].

Figure 2 illustrates the working principle of the resonator 
MOGs. Light from a source (laser) ( 1 ) is divided by a beam 
splitter ( 2 ) into two waves, whose frequencies are controlled 
by phase modulators ( 3, 4 ). Next, using a directional coupler 
( 9 ), the light is coupled into the resonator of a ring interfer-
ometer ( 10 ) so that the beams from the two channels propa-
gate in opposite directions (clockwise and counterclockwise). 
Through directional couplers ( 7 – 9), the light reaches photo-
detectors ( 5, 6 ). Their signals are sent to a computer system 
( 11 ). The optical part of the MOGs typically has the form of 
a uniform or hybrid integrated optical circuit (in the latter 
instance,  optical  components  are  fabricated  on  separate 
substrates, mounted in a package and connected by fibre). 
Figure 3 shows resonators used in prototype MOGs.

If a gyro is at rest with respect to inertial space, the light 
intensities at the inputs of the photodetectors ( 5, 6 ) vary in 
the same way, independent of frequency. The amplitude char-
acteristics (transmittance) of the interferometer have dips at 
the resonance frequencies (eigenfrequencies) fm of the PRR, 
which are the same for the two opposite propagation direc-
tions in the PRR:

fm = mc/(nL),   (1)

where m is a positive integer; c is the speed of light in vacuum; 
n is the refractive index; and L is the resonator perimeter.

When the gyro rotates in the plane of Fig. 2, the eigenfre-
quencies of the PRR split because of the Sagnac effect. The 
difference between the eigenfrequencies for the two opposite 
propagation directions in the resonator is then proportional 
to the angular speed W of the MOG:

f f f
L
S4

CCW CWm m
ml

D W= - = ,  (2)

where  fm CW and fmCCW are the eigenfrequencies for the clock-
wise  and  counterclockwise  propagation  directions,  respec-
tively; S is the resonator area; lm = с/fm; and 4S/(lmL) is the 
scale factor.

The computer system ( 11 ) determines the resonance fre-
quencies of the PRR from the minima in the amplitude char-
acteristic  and  adjusts  the  frequencies  of  the waves  to  them 
using the phase modulators. The angular speed is evaluated 
from the eigenfrequencies of the PRR and the scale factor. It 
is worth noting that the light source linewidth in a resonator 
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Figure 1. Types of micro-optical gyros.
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Figure 2. Working principle of the resonator MOGs.
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Figure 3. Appearance of the resonators of MOGs:  
(a) waveguide-type PRR in a hermetically sealed package [6]; (b) PRR 
enclosed in a package that allows for thermal compensation and placed 
on a centrifuge (before tests of the MOG) [7].
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gyro  should  be  considerably  smaller  than  the  width  of  the 
transmission minimum.

In  the  above  resonator  gyro  configuration,  one  optical 
coupling loop (one additional waveguide coupled to the reso-
nator) is used to couple light into and out of the PRR. There 
are also other ring resonator sensor configurations, differing 
in the way the signal is coupled into and out of the resonator. 
In almost all the resonator gyro configurations demonstrated 
to date, one or two bus waveguides are used to couple light 
into and out of  the  resonator. The most widespread  sensor 
configurations are schematised in Fig. 4.

Configurations similar to that represented in Fig. 4a were 
considered above  (Fig. 2). Configurations  similar  to  that  in 
Fig. 4b have the form of a ring interferometer with two opti-
cal coupling  loops, one of which  is used for  incoupling and 
outcoupling  light propagating  in  the  clockwise  (CW) direc-
tion, and the other, for light propagating in the counterclock-
wise (CCW) direction [8, 9]. Gyros that employ sensors cor-
responding to the configurations in Figs 4a and 4b are referred 
to as ‘reflective’. There are also sensors in which one optical 
coupling loop is used to couple light into the resonator, and 
the other, for outcoupling the light (Fig. 4c) [10]. Gyros based 
on this sensor configuration are referred to as ‘transmissive’.

In addition to the resonator gyros described above, there 
are configurations with partial loss compensation in the reso-
nator. The higher the Q-factor of a PRR, the higher the sensi-
tivity  limit of gyros based on  it  [4]. The  resonator Q-factor 
can  be  improved  through  loss  compensation  using  a  laser 
amplifier, while maintaining  the operation of  the  resonator 
below lasing threshold. In one of the first passive resonator 
gyro  configurations with  loss  compensation  [11],  two  semi-
conductor optical amplifiers, A1 and A2 (Fig. 5), were placed 
in symmetric positions in a waveguide ring resonator. The use 
of semiconductor optical amplifiers allows one to compensate 
for  the  resonator  loss  and  considerably  raise  the  resonator 
Q-factor (by several orders of magnitude). One drawback to 
this  configuration  is  that  the waveguide  resonator  contains 
elements differing in refractive index. As a result, part of the 
light propagating though the semiconductor optical amplifi-
ers  is  back-reflected  from  their  facets. To  avoid  this,  use  is 
made of a PRR configuration with partial loss compensation, 
in  which  optical  gain  is  ensured  by  active  dopant  atoms 
implanted  into  the resonator. Such a resonator was studied 
theoretically  and  experimentally by Hsiao  and Winick  [12]. 
The resonator was made of silicate glass doped with 2 % neo-
dymium oxide (Nd2O3). The structure had the form of a ring 
resonator  with  two  directional  couplers  (Fig.  6).  One  bus 
waveguide was used for incoupling and outcoupling a test sig-
nal, and the other, for pumping the resonator. The resonator 

was composed of two semirings with a radius R = 8 mm, con-
nected  by  straight  line  segments  of  length L ~  3 mm. The 
resonator amplifier operated at a wavelength of 1.06 mm and 
was pumped by a  semiconductor  laser  (150 mW, 0.83 mm). 
Owing to loss compensation, Hsiao and Winick [12] were able 
to raise the resonator Q by more than 20 times: from 8.32 ´ 
105 (without pumping) to 1.89 ´ 107 (under pumping).
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Figure 4. PRR sensor configurations.
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Figure 6. Resonator with a uniformly distributed loss compensation [12].
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2.2. MOGs utilising the amplitude and phase characteristics 
of a multiple-beam ring interferometer 

As mentioned above, most of the prototype MOGs demon-
strated to date are resonator gyros, which means that only the 
amplitude characteristic of a multiple-beam ring interferom-
eter  is  used  to  determine  the  difference  between  the  PRR 
eigenfrequencies, which is proportional to the angular speed. 
However,  rotation of an  interferometer  leads  to  splitting of 
both its amplitude and phase characteristics. Analysis of the 
characteristics of a ring interferometer indicates that its phase 
characteristic has distinctive  features near  the eigenfrequen-
cies of the resonator [13]. Since the eigenfrequency difference 
is proportional to the angular speed [see (2)], the phase char-
acteristic can be used to determine it. Recently, we proposed 
an approach to determining the angular speed using the phase 
and amplitude characteristics of a multiple-beam ring inter-
ferometer  [5].  The  working  principle  and  configuration  of 
such an MOG are similar to those of resonator MOGs, but in 
the configuration under examination each input beam is fur-
ther divided into two components, in contrast to the resona-
tor MOGs. A PRR is used to change parameters of only one 
part of each  input beam. Both  the  light passed  through the 
PRR (test  signal) and  the  rest of  the  input beam  (reference 
signal) are directed to photodetectors. This can be achieved 
by replacing the directional coupler ( 9 ) in the configuration 
in Fig. 2 by a Mach – Zehnder interferometer. In this way, the 
reference and test  information signals will be separated and 
joined  using  Y-couplers  that  form  a  waveguide  Mach--
Zehnder interferometer (Fig. 7). The reference and test signals 
will pass through different arms of the interferometer, and its 
sensor arm will contain the PRR.

When the difference between the optical lengths of the ref-
erence and sensor arms of the Mach – Zehnder interferometer 
is proportional to an integer number of wavelengths lm, the 
eigenfrequencies of the ring resonator correspond to minima 
in light intensity (in the transmittance of the optical system). 
From the minima in the photodetector signals, the computer 
system  ( 11 ) determines  the  eigenfrequencies and  their dif-
ference D f, which is proportional to the angular speed. If the 
optical  path  difference  is  not  proportional  to  an  integer 
number of lm, the shape of the output characteristic changes 
(Fig. 8).

It  is  seen  that, at any optical path difference,  resonance 
frequencies can be determined from characteristic changes in 
signal intensity near the resonator eigenfrequencies. At com-
paratively low losses in the resonator of a ring interferometer, 
the use of its phase characteristic makes it possible to improve 
the sensitivity limit of the micro-optical gyro by an order of 
magnitude [15].

2.3. Interference MOG 

The sensing element in interference MOGs is a multiturn spi-
ral  waveguide  coil  forming  a  two-beam  interferometer  (in 
contrast  to  the PRR MOGs, which  utilise  a multiple-beam 
interferometer).  The  working  principle  of  the  interference 
MOGs  is  identical  to  that of standard (interference) FOGs. 
Light  is  launched  into  the  coil  in  two  opposite  directions, 
propagates  through  it  and  interferes  at  the  photodetector 
input. The shift of the interference pattern is proportional to 
the  rotation  rate. Note  that  the  accuracy  of  angular  speed 
measurements by interference MOGs is an ambiguous func-
tion of coil length. At small interferometer dimensions (diam-
eter of a few centimetres or less), the specific loss far exceeds 
that  in  standard FOGs because, with  increasing spiral  fibre 
length,  less  energy  reaches  the  photodetector.  At  a  certain 
critical spiral length, further increase leads not to higher but 
to lower sensitivity of the instrument. Wei et al. [16] investi-
gated the effect of  losses on the optimal spiral  length (from 
the viewpoint of maximising accuracy). In particular, at a loss 
of 0.02 dB cm–1 the optimal resonator length was about 4.3 m.

Figure 9 shows an interference MOG configuration that 
utilises  a  rather  broadband  light  source  (with  a  coherence 
length slightly exceeding the spiral waveguide length) for min-
imising the effect of backscattering in the waveguide on mea-
surement results. The input photodetector is used to monitor 
the  input  light  intensity, and the other photodetector moni-
tors  the  output  signal. This  interference  gyro  configuration 
was studied relatively recently by Srinivasan et al. [17]. They 
analysed a gyro with a spiral resonator 10 m in length, with a 
spiral spacing of 50 mm and minimum bend radius of 1 mm. 
The sensitivity limit of such a gyro (about 10 cm2 in area) is 

Figure 7. Waveguide Mach – Zehnder interferometer having a PRR in 
one of its arms [14].
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Figure 8. Relative light intensity at the photodetector input (transmit-
tance of the optical system: T = I/Iin) when the difference between the 
optical lengths of the reference and sensor arms of the Mach – Zehnder 
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Light source

Phase module

Photodetectors

Figure 9. Interference MOG with a spiral waveguide coil [17].
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19° h–1 at a loss of 1 dB m–1. Lowering the loss to 0.1 dB m–1 
improves the sensitivity to 4.2° h–1.

There  are  also  interferometer  MOG  configurations  in 
which,  instead of  a waveguide  spiral  coil,  a  ring waveguide 
(ring resonator) [18, 19], serving as a delay line rather than as 
a resonator, is used. What is detected is the result of interfer-
ence between two waves travelling around the closed loop in 
opposite directions  (Fig. 10). The beam from a  light source 
(LS) is divided by a directional coupler (DC1) into two com-
ponents,  which  pass  through  modulators  (M1,  M2).  The 
modulators  produce  a  controlled  phase  shift  between  the 
counterpropagating waves. The  light  is  coupled  into  a  ring 
waveguide through a directional coupler (DC2) in the clock-
wise and counterclockwise directions. After travelling around 
the  ring,  the  signals  are  coupled  out  of  the waveguide  and 
directed  to  a  photodetector  (PD),  which  detects  two-beam 
interference.  The  waveguide  here  acts  as  a  multiturn  coil 
whose  equivalent  number  of  turns, N,  corresponds  to  the 
number of round trips in the PRR. The number of round trips 
is determined by the loss in the waveguide and its perimeter. 
To prevent the light beams arriving after different numbers of 
round trips from overlapping (to avoid multiple-beam inter-
ference), use is made of pulsed phase modulation with a pulse 
width equal to the loop round trip time and a repetition fre-
quency period greater by N + 1 times [18].

The MOG schematised in Fig. 10 is a reflective gyro. Also 
possible are transmissive MOGs. Interference MOG configu-
rations that utilise a closed-loop waveguide instead of a spiral 
waveguide coil are sometimes referred to as interference – res-
onator or re-entrant MOGs.

3. Classification of the passive MOGs according 
to the sensing element design

The key component of the micro-optical gyros is their PRR. 
It  is the PRR that determines the fabrication process of the 
entire  instrument  and  the  sensitivity  limit,  minimal  dimen-
sions and many other characteristics of the gyro. The passive 
MOGs can be classified according to the design of their sens-
ing element (Fig. 11).

3.1. Planar resonators

Most experimental setups and passive MOG prototypes are 
designed and fabricated from elements produced using planar 
(integrated) optics. The reason for this is that the use of inte-
grated  optical  technologies makes  it  possible  to  reduce  the 
weight, dimensions, energy consumption and cost of  instru-
ments and facilitates temperature control. Moreover, planar 

gyros  can be made as a  single  integrated optical  configura-
tion, which improves the reliability of the instrument.

3.1.1. Single-ring resonators. High-Q resonators (Q > 105) 
formed by one closed-loop single-mode waveguide a few cen-
timetres or less in diameter (single-ring resonators) are most 
often used as sensing elements in passive MOGs. The sensitiv-
ity of a gyro is then essentially determined by the Q-factor of 
the resonator (resonator  loss) and its area  [4]. At present, a 
variety of materials are used  to  fabricate high-Q waveguide 
ring resonators: silica on silicon (SOS), silicon nitride (Si3N4), 
lithium  niobate  (LiNbO3),  glass,  indium  phosphide  (InP), 
polymers and others.

Very  low  losses  in a  ring  resonator can be achieved e.g. 
using SOS technology. SOS waveguides are commonly pro-
duced by chemical vapour deposition, flame hydrolysis depo-
sition or rf plasma chemical vapour deposition  in combina-
tion with ion etching techniques. SOS technology enabled the 
fabrication of resonators with losses under 0.01 dB cm–1 and 
Q-factor above 107 [20]. Later, the potentialities of SOS struc-
tures were  demonstrated  by Guo  et  al.  [21]. The  sensitivity 
limit of an SOS resonator gyro was shown to be 1.6° h–1.

There are also other technologies that allow for the fabri-
cation of low-loss bent waveguides. For example, resonators 
suitable for MOGs can be produced through ion exchange in 
glass or titanium diffusion in LiNbO3. From the viewpoint of 
loss minimisation,  these materials  are  somewhat  inferior  to 
SOS,  but  the  fabrication  of  glass  waveguides  through  ion 
exchange  is  a  simpler  and  cheaper  process,  which  enables 
waveguides to be doped with particular impurities (for exam-
ple  Nd2O3)  necessary  for  loss  compensation  [12].  Similar 
advantages are offered by LiNbO3 waveguides [22].

Relatively recently, several reports described high-Q Si3N4 
resonators on silicon substrates (see e.g. Refs [23, 24]). Tien et 
al [23] assessed the quality factor of Si3N4 ring resonators at 
several wavelengths. With a ring waveguide of 5.3 mm width, 
50 nm thickness and 5 mm radius,  the quality  factor of  the 
resonator was 1 × 106, 28 × 106 and 19 × 106 at wavelengths of 
1550,  1310 and 1060 nm,  respectively. Later,  Spencer  et  al. 
[24] studied a resonator formed by a ring waveguide of 7 mm 
width, 45 nm thickness and 9.8 mm radius. Its quality factor 
was 3.5 × 107.
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Figure 10. Ring waveguide interference MOG [18].
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Figure 11. Classification of the MOGs according to the design of their 
sensing elements.
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Yet another material that can be utilised in the fabrication 
of sensing elements for MOGs is InP. Ciminelli et al. [25] were 
the first to demonstrate a ring resonator with a quality factor 
of ~106 in the form of an InGaAsP ring waveguide of 2 mm 
width,  0.3 mm  thickness  and  13 mm  radius  on  an  InP  sub-
strate.  The  resonator  was  produced  using  metal-organic 
vapour  phase  epitaxy,  photolithography  and  reactive  ion 
etching. The sensitivity limit of a gyro based on this resonator 
was estimated at 10° h–1 [25].

Other materials, e.g. some polymers, can also be used in 
the fabrication of passive ring resonators. The use of polymer 
materials  allows  one  to  reduce  the  production  cost  of  inte-
grated optical instruments. Unfortunately, most polymers are 
unsuitable for the fabrication of sensing elements for MOGs 
because of the high transmission loss. Qian et al. [26] consid-
ered a polymer-based resonator with a quality factor of ~105. 
The width, thickness and radius of curvature of the ring wave-
guide were 0.5 mm, 0.5 mm and 5 mm, respectively. The sensi-
tivity limit of MOGs based on state-of-the-art polymer PRRs 
is no better than tens of degrees per hour.

3.1.2. Multiple-ring resonators.  Recent  years  have  seen 
increasing  interest  in micro-optical multiple-ring  resonators 
as  sensing elements of MOGs  [27 – 38]. Note  that  two basic 
structures are distinguished. One of them (Fig. 12a) has the 
form of a chain of optically coupled resonators (chain resona-
tor in what follows), and the other (Fig. 12b) consists of sev-
eral ring resonators optically coupled to one bus waveguide 
(bead resonator in what follows).

As a rule, chain resonators consist of an array of high-Q 
miniature PRRs (from a few to tens of microns in diameter). 
Neighbouring resonators in the array are tunnelling-coupled 
to each other to form a coupled resonator optical waveguide 
(CROW). At present, there is no generally accepted opinion 
as to the sensitivity of gyros based on such structures. Terrel 
et al.  [27, 28] think that  it does not exceed the sensitivity of 
MOGs based on single-ring resonators with the same area as 
chain resonators. At  the  same  time,  in a number of  reports 
[29 – 31]  the  opposite  is  stated  explicitly  or  implicitly. 
Comparison of the sensitivity of MOGs based on such reso-
nators is complicated by the great diversity of chain structures 
[32, 33].

There  are  a  variety  of  chain  resonator  gyro  configura-
tions.  The  simplest  configuration,  shown  in  Fig.  12a,  has 
often been the subject of analysis [29, 30, 34]. A great deal of 

attention has also been paid to a structure consisting of a bent 
chain of identical PRRs (Fig. 14) with identical coupling coef-
ficients. Bus waveguides optically coupled to the end resona-
tors are terminated with directional couplers. An input signal 
is divided by a coupler  into two waves which travel around 
the  resonator  in  opposite  directions. Returning  to  the  cou-
pler, the counterpropagating waves interfere and travel to the 
output of the structure [31]. The sensor uses an interferomet-
ric scheme for connecting the sensing element. The sensitivity 
limit of a gyro based on such a structure consisting of nine 
rings of 25 mm radius is about 1° h–1. Note that, to reach this 
value,  the  Q-factor  of  each  ring  resonator  should  be  107. 
However,  a Q-factor of  104  to  105,  typical  of micro-optical 
waveguide  ring  resonators  of  25  mm  radius,  significantly 
degrades the sensitivity of the sensor [35].

In the configuration considered by Sorrentino et al. [33], 
identical  optically  coupled  ring  resonators  are  aligned  in  a 
straight  line.  The  coupling  coefficients  between  the  wave-
guides differ  (take  two values)  and alternate  starting  in  the 
centre, as shown in Fig. 15 (the dark and light rectangles rep-
resent  stronger  and  weaker  optical  coupling,  respectively). 
This coupling coefficient distribution allows the sensitivity of 
the  device  to  rotation  to  be  improved  by  several  orders  of 
magnitude, in contrast to a uniform distribution. As pointed 
out by Sorrentino et al. [33], with this configuration a MOG 
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Figure 12. (a) Chain and (b) bead resonators.
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Figure 13. Chain resonator made up of PRRs differing by an  integer 
number of wavelengths, with the resonator perimeter uniformly (a) de-
creasing and (b) increasing from the centre to the periphery [32].
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Figure 14. Chain resonator sensor [31].

Figure 15. Chain resonator with alternating coupling coefficients [33].
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sensitivity limit of 0.002° h–1 can be achieved (CROW made 
up of 21 rings with a radius of 50 mm).

There  is  also  interest  in  chain  resonator  configurations 
made up of PRRs of different sizes [32, 36]. Toland et al. 
[32] compared structures consisting of identical resonators 
(Fig 12a) and similar arrays made up of resonators of differ-
ent  sizes  (Fig.  13).  The  configurations  considered  by  them 
comprise an odd number of PRRs symmetric with respect 
to  the  centre of  the  structure. The perimeters of  any  two 
neighbouring  resonators  differ  by  an  integer  number  of 
wavelengths.  Such  configurations  allow  the  sensitivity  to 
rotation to be  improved relative  to a standard configura-
tion (Fig. 12a). In particular, the sensitivity of a device con-
sisting of five coupled resonators with perimeters differing by 
l corresponds to that of a standard gyro structure made up of 
35 resonators [32].

Nevertheless, despite the promising results of theoretical 
calculations, there are a number of problems related to practi-
cal implementation of chain resonator gyros. The point is that 
the fabrication of such structures cannot be free of random 
variations  in  the  size  of  the  ring  resonators  and  coupling 
between them. The sensitivity of the chain gyros is not influ-
enced by variations  in  coupling coefficients, but  even  slight 
changes in the size of the ring resonators significantly degrade 
it [30].

Another type of multiple ring (bead) resonator is less sen-
sitive to variations in the size of the component PRRs: varia-
tions within 0.1 mm have essentially no effect on the sensitivity 
of the structure [37]. Consider several configurations of such 
resonators.  A  bead  structure  considered  theoretically  by 
Matsko et al.  [38] consisted of a bus waveguide bent  in  the 
form of a  ring and a  large number of high-Q micro-optical 
resonators  located  on  the  two  sides  of  the  bus  waveguide 
(Fig. 16a), whose ends were used to couple the signal in and 
out.  ‘Whispering  gallery’  resonators  were  proposed  by 
Matsko et al. as high-Q micro-optical resonators constituting 
the structure.

Yet  another  configuration  of  a  compact  bead  structure 
for angular speed sensing was reported by Tian et al. [37]. In 
contrast to that above, all the ring resonators in this configu-
ration are coupled to only one side of a bus waveguide (Fig. 
16b). Unfortunately, no data were reported on the sensitivity 
limit of gyros based on the above structures [37, 38].

Even the most promising multiple ring resonator configu-
rations have not  yet been  realised  in practice. Recent  theo-
retical  studies  [27 – 36]  showed  however  that  the  accuracy 
limit of gyros based on such resonators can be several orders 

of magnitude higher than that of micromechanical systems of 
comparable dimensions.

3.1.3. Spiral resonators. Yet another promising type of sens-
ing element in MOGs is a spiral waveguide resonator. The idea 
to use a spiral waveguide coil for producing a cheap and com-
pact gyro emerged rather long ago [4], but this type of resona-
tor was not intensely studied until recently. The reason for this 
is that the ability to fabricate a high-Q miniature spiral wave-
guide coil is a technological challenge, which can only be over-
come using cutting-edge integrated optical technologies.

Consider two spiral resonator configurations [17, 39]. One 
of them (Fig. 9) is a two-beam resonator. The ends of the spi-
ral fibre form a directional coupler. The coupling coefficient 
between them should be near 50 %, which ensures the highest 
sensitivity of the gyro to rotation. The sensitivity limit of the 
waveguide  spiral  resonator gyro was  reported  to be 19° h–1 
[17]. Attention was also paid to a resonator consisting of sev-
eral  layers of series connected spiral waveguides stacked on 
top  of  each  other  and  connected  using  vertical  directional 
couplers. Such a design makes it possible to reduce the area 
occupied by the sensor. At the same time, it increases the loss 
in the resonator through the loss arising from light transitions 
between neighbouring layers (0.02 dB per transition), which 
degrades  the  sensitivity  of  the  device  [17].  With  future 
advances  in  integrated optical  technologies,  the optical  loss 
per  transition between  layers  is expected to be considerably 
reduced and the use of multilayer architectures may become 
justified.

Another type of spiral waveguide resonator (Fig. 17) is a 
multiple-beam ring resonator [39]. Research was focused on a 
scheme consisting of a PRR in the form of a closed-loop spi-
ral waveguide and two bus waveguides coupled to the main 
waveguide  through  directional  couplers.  Use  was  made  of 
single-mode (6 × 6 mm) germanium-doped silicon (n = 1.457) 
waveguides. The spiral  fibre  length was 42 cm and the area 
occupied by  it on a  substrate was 20 cm2. The propagation 
loss in a closed-loop waveguide was 0.1 dB cm–1 and the addi-
tional loss due to spiral intersection was under 0.01 dB. The 
experimentally determined Q-factor of the described resona-
tor exceeded 1.5 × 106, which corresponds to a sensitivity of 
156° h–1 in a gyro based on it. As pointed out by Ciminelli et 
al. [39], the sensitivity of such a sensor can be improved to 10° 
h–1 by reducing the propagation loss in the spiral fibre to 0.05 
dB cm–1 (which is achievable at present) and the input/output 
loss to 1 – 2 dB (typical value).

3.2. Photonic crystal resonator

Photonic  crystals  are  materials  with  an  ordered  structure 
characterised by a strictly periodic variation in the refractive 
index on a length scale comparable to wavelengths in the vis-
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Figure 16. Bead structures in which PRRs are located (a) on both sides 
[38] and (b) on one side [37] of a bus waveguide.
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ible  and  near-IR  spectral  regions. Any  inhomogeneity  in  a 
photonic crystal is thought to be a defect. An electromagnetic 
field is concentrated in such regions, which is used in photonic 
crystal microresonators and waveguides [40].

A high-Q photonic crystal PRR can be fabricated from a 
variety of one-dimensional (1D) photonic crystals. Ciminelli 
et al. [41] considered an SOS PRR in the form of a ring Bragg 
grating (Fig. 18a). Calculations indicate that the state of the 
art in integrated optics allows for the fabrication of such reso-
nators  about  5  cm  in  diameter  with  a Q-factor  above  109. 
Another type of 1D photonic crystal that can be used for the 
fabrication of PRRs is a closed planar semiconductor wave-
guide with a 1D periodic hole array (Fig. 18b) [42].

Considerable potential for the fabrication of high-Q (Q > 
106)  micro-optical  PRRs  is  offered  by  a  photonic  crystal 
structure  in  the  form of a planar  semiconductor waveguide 
with  a  periodic  2D hole  array.  It  is  also  easy  to  produce  a 
photonic  crystal PRR by creating a defect  in  the  form of a 
hexagon (Fig. 19), whose thickness and size will determine the 
eigenmode composition and finesse of the resonator [45].

As  shown  in an analytical  study of  the Sagnac  effect  in 
photonic crystal resonators [46], its rotation leads to splitting 
of  the  resonance  frequencies  of  counterpropagating  waves. 
Assessment of the effect in particular photonic crystals indi-
cates that the scale factor in them (1.6 × 10–2 rad s–1) is much 
less than that in passive MOGs (calculations were performed 
for a photonic crystal PRR about 0.93 mm in radius, with a 
Q-factor of 104). As pointed out by Steinberg and Boag [46], 
the sensitivity of such resonators is still insufficient for practi-
cal  implementation  of  MOGs.  However,  photonic  crystal 
PRRs have been demonstrated that have a much higher Q 
(Q > 106) [41, 45], and the size of such resonators can also be 
increased. In this context, photonic crystal PRRs are poten-
tially attractive sensing elements for MOGs.

3.3. Loop resonator

A classic fibre resonator (multiturn fibre coil) is unsuitable as 
a sensing element of MOGs because of the sharp increase in 
loss as the coil diameter decreases to a few centimetres or less. 
However, Sumetsky et al. [47] have recently proposed, fabri-
cated and investigated a compact high-Q fibre PRR which is 
a miniature version of a fibre resonator proposed as early as 
1982 [48] and consisting of a single turn of single-mode fibre 
whose ends are connected to a directional coupler (Fig. 20a). 
A distinctive feature of the miniature version is that the reso-
nator region where portions of the fibre superpose acts as a 
directional coupler (Fig. 20b).

To date, micro-optical fibre resonators about 0.5 mm in 
radius with a Q-factor above 6 × 106 at a  fibre diameter of 
~1 mm have been demonstrated (Fig. 21). The fabrication of 
such  resonators  involves  microfibre  drawing  and  bending 
into an optically coupled loop. The microfibre to be drawn is 
placed in a sapphire capillary tube, which is then heated by 
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Figure 18. One-dimensional photonic crystal PRRs in the form of a (a) 
closed Bragg grating [44] and (b) closed perforated waveguide [43].
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Figure 20. (a) Macroscopic [48] and (b) microscopic [47] versions of a 
loop PRR.

0.5 mm

Figure 21. Micro-optical fibre resonator [47].
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the beam of a commercially available laser (e.g. a CO2 laser). 
In  such  a  microscopic  furnace,  the  fibre  is  drawn  until  its 
diameter reaches the desired level (~1 mm or less) (Fig. 22a). 
Next, the fibre is twisted into an optically coupled loop using 
several manipulators (Fig. 22b). Surface (electrostatic or van 
der Waals) forces help to join the ends of the loop.

To protect such a resonator from mechanical influences, it 
can be coated with a low refractive index polymer [49]. The 
advantages  of  the micro-optical  fibre  loop  resonators  over 
waveguide resonators are that they are easy to fabricate and 
have a low production cost.

3.4. Confocal ring resonator

In most  reports concerned with MOGs, planar single-mode 
waveguide  resonators  are  predominantly  considered  to  be 
suitable sensing elements. As in all passive optical gyro sys-
tems,  multimode  waveguides  cannot  be  used  in  this  case 
because of the modal dispersion. For the same reason, most 
3D  resonators  also  cannot  be  used.  Nevertheless,  one  can 
realise  a  confocal  ring  resonator  –  a  3D  PRR whose  focal 
points  are brought  into  coincidence  and whose  spectrum  is 
characterised by degeneracy of  the  frequencies of  its higher 
transverse modes (a set of equidistant modes) [50]. A resona-
tor possessing such properties can serve as a sensing element 
of a MOG.

In the paraxial approximation, one can obtain a confocal 
ring resonator using flat and concave torus-like reflective sur-
faces  [51]. However,  the  paraxial  approximation  cannot  be 
used in calculations for a micro-optical resonator. In a non-
paraxial approach, a confocal ring resonator can be obtained 
using flat and concave parabolic astigmatic reflective surfaces 
[51].  One  possible  configuration  is  shown  in  Fig.  23.  The 
reflective surfaces 1, 3 and 4 are flat and surfaces 2 are para-
bolic  astigmatic  reflective  surfaces  with  different  principal 
focal  lengths: F1 = 2a/cosJ  in the plane of  incidence and 
F2 =2acosJ in an orthogonal plane.

Thus, a 3D passive ring resonator can be used as a sensing 
element  of  a micro-optical  gyro  instead  of  a  planar  single-
mode ring resonator. Confocal resonators have a number of 
advantages over planar ones. At small resonator dimensions 
(diameter of several centimetres or less), a planar ring resona-

tor has higher losses because the large curvature of the ring 
waveguide  leads  to  frustrated  total  internal  reflection.  The 
losses  in  a  confocal  ring  resonator  do  not  increase  with 
decreasing resonator size. At a resonator diameter of several 
centimetres, the resonator loss is one to four orders of magni-
tude  lower  (depending  on  the  quality  of  the  reflective  sur-
faces).  One  drawback  to  confocal  ring  resonators  is  that  a 
relatively complex process is needed for producing their para-
bolic  astigmatic  reflective  surface.  Such  a  resonator  can  be 
fabricated e.g. by diamond machining.

4. Conclusions

This paper has reviewed recent advances in passive MOGs. In 
the last decade, most research effort has been concentrated on 
a configuration that uses a single-mode passive ring resona-
tor, which is usually fabricated using integrated optical tech-
nologies.  We  have  also  considered  other  technologies  that 
enable  the  fabrication  of  passive  resonators  suitable  for 
MOGs. Several micro-optical gyro prototypes have been pro-
duced and investigated to date. Analysis of recent advances in 
MOG  configurations  allows  us  to  hope  that  micro-optical 
sensors with sensitivity of the order of 10° h–1 or better will 
enter the marketplace in the coming decade.
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