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The work is devoted to the study of the problem of using laser radiation in the supercontinuum mode in
fiber optical gyroscopes. To achieve this goal, the following tasks were solved in the work. The physics of
the process of measuring the angular velocity of an object based on the Sagnac effect is described. The fac-
tors influencing the resolution of the gyroscope are analyzed. These factors include fractional noise, una-
voidable noise, and noise due to backscatter in the fiber, which can be minimized by using photonic crystal
fibers and a broadband radiation source. It is proposed to use an optical supercontinuum (optical comb) as
such a source. Thanks to its ultra-wide radiation spectrum, precision frequency reproduction accuracy,
high radiation stability and femtosecond pulse duration, supercontinuum is considered as a promising ra-
diation source in ranging, hyperspectral spectroscopy and imaging, tomography, and low-coherence white
light interferometry. In the work of Lpischan, the physics of the supercontinuum generation process, its
main characteristics. An analysis of the possibility of using an optical comb in optical gyroscopy has been
carried out. Mathematical modeling of the influence of optical fiber characteristics and supercontinuum
parameters on the sensitivity of a fiber gyroscope was carried out. The results of the work indicate the
promise of further research on the creation of a photonic crystal fiber-optic gyroscope using supercontinu-
um laser radiation.
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1. INTRODUCTION

The gyroscope is the main sensitive element of sta-
bilization, orientation and navigation devices for
manned, autonomous and robotic systems. Due to the
ability to respond to changes in the orientation angles
of the body on which it is installed, relative to the iner-
tial reference system, the gyroscope provides meas-
urement of the angular velocity of rotation (Q) and the
angles of rotation of the body.

Gyroscopes are subject to requirements for meas-
urement accuracy (sensitivity), speed, parameter drift,
noise level, energy consumption, design simplification,
reliability, resistance to external influences, perfor-
mance under conditions of high mechanical overloads,
compactness, and production cost. Currently, optical
gyroscopes are increasingly replacing mechanical ones.
The vast majority of serial navigation systems produced
in the world are built on the basis of high-precision
FOGs. The fiber optic gyroscope market is expected to
grow at an average rate of 5.7% until 2026 [2].

Promising problems of optical gyroscopy include the
search for new fiber-optic waveguides and radiation
sources. Research on the use of photonic crystal fiber in
FOG has demonstrated the possibility of reducing noise,
minimizing design and reducing energy consumption
with high accuracy and sensitivity in determining angu-
lar velocity [3].

The radiation source in FOGs is traditionally either
a semiconductor laser diode or a superluminescent di-
ode with a wide emission band, which is common for
interference measurement systems. At the same time,
there are studies devoted to the use of femtosecond ra-
diation sources in the supercontinuum mode in metro-
logical problems [4-8]. Thus, in [9], the fundamental
possibility of using supercontinuum in optical coherence
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tomography was investigated. Until recently, the use of
supercontinuum outside laboratory conditions was lim-
ited by the relatively large overall dimensions of the
generators. However, recently, developments have been
underway to create chip lasers operating in the super-
continuum mode [10]. Their use will make it possible to
create compact fiber-optic information-measuring sys-
tems and sensors with new operational and metrological
characteristics.

The purpose of the work is to study the problem of
using laser radiation in the supercontinuum mode in
fiber optical gyroscopes. To achieve this goal, the follow-
ing tasks were solved in the work: the physics of the
process of measuring the angular velocity of the FOG is
described; problems arising during measurements were
analyzed; the characteristics of the optical supercontin-
uum and the specificity of its generation are described;
the possibilities of using supercontinuum in optical gy-
roscopy were investigated.

2. FIBER OPTIC GYROSCOPY

The angular velocity of rotation & is measured indi-
rectly through the interference measurement of the
phase difference of the rays. The FOG sensor is a
Sagnac ring interferometer, which includes a source of
optical radiation, a coil with a single-mode optical fiber
that supports polarization, and an optical divider. The
operation of the Sagnac interferometer is based on the
effect of the same name and is as follows. If in a closed
optical circuit two light rays propagate in opposite di-
rections, then in the absence of rotation of the optical
circuit around the axis (2 =0) normal to the plane of
the circuit, the phase difference of both rays (o) pass-
ing through the circuit is zero. When the optical circuit
rotates (Q # 0), the phase shifts of the rays are not the
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same, the phase difference of the rays is proportional to
the angular velocity of rotation of the circuit (Fig. 1) [11].

o s

Fig. 1 — Sagnac effect: CW, CCW — beams directed clockwise
and counterclockwise, respectively, R — contour radius

If the circuit rotates clockwise at speed Q, then rays
CW and CCW follow the light paths respectively:

Loy = 27R+QRAt 1
Lew = 27R—QRAt @)

where At is the travel time of light along the ring
At=27Rn/c, n is the refractive index of the beam
propagation medium, c¢ is the speed of light in vacuum.

The total difference between the optical paths of CW
and CCW beams is:

AL = 2QRAt 3

From expression (3) the phase shift ¢o arising due to
the phase difference between the CW and CCW beams
is determined:

2 p2
8ﬂRnQ

Ac @

0o =N

where A1 is the operating wavelength, N is the number
of turns of the optical fiber.

Expression (4) becomes the main one for measuring
the FOG value of angular velocity by the number of
interference fringes. It can also be used in the design of
FOG to calculate the radius of the coil and the number
of turns of the optical fiber of given parameters.

3. FOG RESOLUTION

The metrological characteristics of FOG, in addition
to the factors described by the quantities included in (4),
are influenced by a number of factors related to both the
design of the interferometer and the remaining optoelec-
tronic components of the system.

The resolution of FOG is strongly influenced by noise
caused by backscattering in the fiber (Rayleigh scatter-
ing) and reflection from the surfaces of the optical ele-
ments of the system (Fresnel reflection), as a result of
which scattered and primary radiation interfere in the
fiber. The noise of the gyroscope output signal can be
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expressed by the formula:

:E ac 5
N 4 n\/;Af ©)

where « is the Rayleigh scattering loss in the optical
fiber; B 1is the fraction of Rayleigh light scattering prop-
agating in the opposite direction; Af is the width of the

light source [1].

To increase the resolution of the FOG and reduce
noise, a broadband (low-coherence) radiation source is
used, which worsens interference in the fiber due to the
large difference in the optical path length for signal
emission and Rayleigh backscattering emission. The
source chosen is either multimode semiconductor lasers
or superluminescent diodes with an emission linewidth
of several tens of nanometers. In this case, the coherence
length can be calculated using the formulas:

==, ®6)

where Af = c%.

The magnitude of the characteristic L, is the differ-

ence in the path of the CW, CCW beams, at which inter-
ference is possible. Since the line width affects the reso-
lution of the FOG, it is worth considering the use of an-
other broadband signal — supercontinuum.

4. SUPERCONTINUUM INTERFERENCE

Supercontinuum or optical comb is a special type of
laser radiation with an ultra-wide (in some cases from
ultraviolet to infrared) discrete spectrum (Fig. 2).
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Fig. 2 — Supercontinuum diagram, where: I(f) — radiation
intensity; f,,,— displacement of the peak with number m =1
of the “ideal” frequency grid; f,,, — frequency interval between

two adjacent peaks; Ax is the frequency of the beat signal be-
tween the signal f, and f,

Supercontinuum is formed when femtosecond puls-
es propagate through highly nonlinear media, such as
optical fibers. Efficient conversion of radiation into su-
percontinuum occurs in photonic crystal fibers, due to
their unusual chromatic dispersion, which can cause
strong nonlinear interaction over a significant length of
the fiber, even with low radiation power of semiconduc-
tor laser diodes (< 200 pd) a very wide radiation spec-
trum is achieved. The peak frequency f, is determined

by the formula:

fn= frep +Mfgg @)
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The wide spectrum of radiation (7) indicates the low
temporal coherence of the supercontinuum, and there-
fore the coherence length L (6). At the same time, spa-

tial coherence in the beam cross-section plane remains
high. Significant spectral power density is maintained
over an interval of more than one optical octave.

Due to its wide spectrum, precision frequency repro-
duction, high radiation stability and femtosecond pulse
duration, supercontinuum is considered as a promising
radiation source in ranging, hyperspectral spectroscopy
and imaging, tomography, and low-coherence white light
interferometry [12-20]. The development of low-power
and compact semiconductor optical comb generators will
make it possible to use them in navigation devices such
as FOG.

5. SUPERCONTINUUM IN GYROSCOPY

The main characteristics of FOG include sensitivity
— the minimum value of the measured angular velocity.
In a system with optimal sensitivity, the theoretical
limit of detection of angular velocity is related to the
shot noise of the photodetector. Therefore, increasing
the sensitivity of FOG can be achieved by improving
the design, basic elements, operating algorithms and
information processing.

Using formulas (3), (4), (6), we derive a formula for
the maximum value of the angular velocity Q__,

which theoretically can be detected by the FOG:

CZ

Q =——— 8

X N4z REnAf ®
Formula (8) takes into account two factors affecting
the sensitivity of FOG. The first factor is the length
I, = N2zR (Fig.3) and characteristics of the optical fiber

n, (Fig.4). On the one hand, their increase leads to an
increase in the sensitivity of the FOG, but on the other
hand, to signal attenuation and the impossibility of
interference at a certain value ;. To estimate the max-

imum possible value [ , the formula can be applied:
P = P,exp(-nl) ©)

where P, is the power of the signal introduced into the
fiber, [ is the length of the fiber, and 7 is the energy

loss coefficient.

Note that to reduce the effect of dispersion on the
broadband signal of the supercontinuum B FOG, it is
proposed to use a photonic crystal fiber with a hollow
core. The advantages of using such a fiber in FOG with
a superluminescent diode were demonstrated in [3].

The second factor is the source of achievement. Ac-
cording to (8), the larger the linewidth of the source Af
(Fig.5) (7), the higher the resolution of the FOG. Ac-
cording to formula (5), an increase in the noise level (V)
also occurs due to interference in the fibers of direct
and radiating radiation.
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Fig. 3 — Dependence of angular velocity on the length of the
optical fiber
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Fig. 4 — Dependence of angular velocity on the refractive index
of the medium
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Fig. 5 — Dependence of angular velocity on the source linewidth

Thus, taking into account the first and second fac-
tors influencing the sensitivity of the FOG, we can con-
clude that work on creating a photonic crystal fiber-
optic gyroscope using supercontinuum laser radiation
1s promising.
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CONCLUSION

The work carried out a study of the possibility of us-
ing laser radiation in the supercontinuum mode in fiber
optical gyroscopes.

The physics of the process of measuring the angular
velocity of an object based on the Sagnac effect is de-
scribed. Factors that influence the resolution of the gyro-
scope are analyzed, such as noise arising from backscat-
tering in the fiber, which can be minimized through the
use of photonic crystal fibers and a broadband radiation
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3acTocyBaHHS CYyIIEpPKOHTHHYYMY B OIITUYHIN ripocKomii

10.C. Kypcwruii, O.C. 'marenxo, O.B. Adanacresa

Xapkiscokull HaUIOHALHUL YHIgepcumem paodioesiekmporiku, np. Hayku, 14, 61166 Xapxis, Yrpaina

PoGora npucesiueHa BUBUYEHHIO IIPOOJIEMU BUKOPUCTAHHS JIA3€PHOI0 BUIIPOMIHIOBAHHS B PEIKUMI CyIiep-
KOHTHHYYMY y BOJIOKOHHO-OIITUYHUX ripockorax. J[Jist JocsarHeHHs ocTaBIeHOI MeTH B poOOTI BUPIIILyBaJIU-
¢ HACTYIIHI 3aBIAaHHA: OIMCAHO (Pi3HKY IpoIlecy BUMIPIOBAHHA KyTOBOI IIBHIKOCTI 00'€KTa Ha OCHOBI edek-
1y Canbsaka; mpoaHasizoBaHO (PaKTOpPH, IO BIUIMBAKTH HA PO3TUIBHY 3IaTHICTH ripockoma. 11 darropm
BKJIIOYAIOTH YACTKOBUIA IIIyM, HEMUHYYHH IIIyM 1 IIIyM 4epe3 3BOPOTHE PO3CIIOBAHHS y BOJIOKHI, IKUU MOYKHA
MIiHIMI3yBaTH 34 JOIIOMOI0I0 (DOTOHHO-KPHUCTAIIYHMX BOJIOKOH 1 IMMPOKOCMYTOBOTO JKepesia BUIPOMIHIOBAH-
Hs. B sKoCTI TaKoro J3Kepesia MpOIOHYETHCS BUKOPUCTOBYBATH ONTHYHUHN CYIIEPKOHTUHYYM (OITHYHY rpebi-
HKY). 3aBISKNA HAIIIHPOKOMY CIIEKTPY BHIIPOMIHIOBAHHS, TOYHOCTI BIATBOPEHHS YaCTOTH, BUCOKIH CTA01Ib-
HOCTI BUIIPOMIHIOBAHHS Ta (PEMTOCEKYHIHIM TPUBAJIOCTI IMIIYJIBCY CYIIEPKOHTUHYYM BBAYKAETHCS EPCIIEK-
TUBHUM J)KePeJIOM BUIIPOMIHIOBAHHS B TilIePCIEKTPAIbHIN CIIEKTPOCKOIMIl Ta 300paskeHHi, Tomorpadii ta
irTepdepomeTpii OGLIOTO CBiTJIA 3 HU3BKOWH KorepeHTHIicTiO. [IpoBeneHo aHAI3 MOMKJIMBOCTI BUKOPUCTAHHS
onTuYHOI TpebiHKY B OnTUYHIM ripockomii. [IpoBeeHo MaTemaTnyHe MOJIeIIOBAHHS BILJINBY XapAKTEPUCTUK
OIITUYHOTO BOJIOKHA TA ITApaMeTPiB CYINEePKOHTUHYYMY HA UyTJIMBICTH BOJIOKOHHOTO Tripockoma. Pesyibratu
po0OTH CBIUATDH IIPO TEPCIIEKTHBHICTD MOMAJIBINUX JOCTIIMKEHD 31 CTBOPEHHS (DOTOHHO-KPHCTAJIYHOTO BO-
JIOKOHHO-OIITUYHOTO T1POCKOIIA 3 BUKOPUCTAHHSIM JIA3€PHOI0 BUIIPOMIHIOBAHHS CYIIEPKOHTHHYYMY.

Kmiouosi ciosa: Bunpominiosaunsa, BogoxonHo-omruunuit ripockomn, PosminbHa sgaraicts, emrocexyHs-
He BunpoMinoBanasa, CyneprortrnryyM, O OTOHHO-KPHCTAIYHE BOJIOKHO.
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