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1. Introduction

In recent years, photonics has become an attractive
alternative to electronics technology due to the advantages
of information processing in optical domain. On-chip and
chip-to-chip optical interconnects offer a solution to this
problem and promise a higher bandwidth to keep pace with
transistors while lowering power consumption and being
immune to EMI. On the other hand, the realization of
optical interconnects requires the development of high-speed
modulation and low power light sources, optical switches,
waveguides and their compact integration. Photonic crystal
is one of the most promising platforms for optical information
processing as it can enable compact and efficient photonic
devices and also their large scale integration. These are
structures with periodic dielectric modulation on the order
of the wavelength of light. Fiber optic gyroscopes (FOG)
are solid-state rotation sensors that are appropriate for
a wide variety of application. High performance, long-
lifetime gyroscope applications, such as satellite pointing,
was formerly the domain of spinning wheel gyroscopes.
Recently, the fiber optic gyroscope (FOG) has reached
performance levels that make this solid-state rotation sensor
appropriate for applications like these. At the same time
demand are (fiber optical gyroscope) in a wide range of
characteristics of accuracy — 10.0 deg/h to 0, 001 deg/hr.
In Russia, the leader in the production of a number of FOG
accuracy class 10.0-1.0 deg/h is LLC “Physoptic”. However,
there is a gap from the foreign generally recognized as FOG
for the control and navigation systems moving objects of
various kinds level in FOG navigational accuracy class

(0.01-0.001 deg/h). Performance characteristics of fiber-
optic gyroscope increased accuracy are largely dependent
on the characteristics of its basic elements and features of its
assembly techniques. Thus, the development of fiber-optic
gyroscope and methods of its production is an urgent task.
Due to their unique geometric structure, photonic crystal
fibers present special properties and capabilities that lead to
an outstanding potential for sensing applications.

2. Analysis of published data and problem statement

The performance characteristics of fiber-optic gyroscope,
increased accuracy is largely dependent on the characteristics
of its basic elements and features of its assembly techniques.
Thus, the development of fiber-optic gyroscope and methods
of its production is an urgent task. The diversity of unusual
features of photonic crystal fibers, beyond what conventional
fibers can offer, leads to an increase of possibilities for new
and improved sensors. There is a huge interest of the sci-
entific community in this original technology for appli-
cations in a variety of fields. Thanks to the flexibility for
the cross section design, photonic crystal fibers (PCFs)
[1,2] have achieved excellent properties in birefringence
[3, 4], dispersion [5, 6], single polarization single mode [7, 8],
nonlinearity [9], and effective mode area [10, 11], and also
excellent performances in the applications of fiber sensors
[12, 13], fiber lasers [14, 15] and nonlinear optics [16, 17]
over the past several years. Large numbers of research papers
have highlighted some optical properties of the PCFs such
as ultrahigh birefringence and unique chromatic dispersion,




which are almost impossible for the conventional optical
fibers. The aim of this work was to conduct theoretical
studies of the conditions of use of photonic crystal fiber
(PCF) as a instead of the fiber optical gyroscope.

With the development of optoelectronic technology
[18], optical fibers have been intensively investigated at
various sensor fields owing to their unique characteristics
such as multiplexing, remote sensing, high flexibility, low
propagating loss, high sensitivity, low fabrication cost, small
form factor, high accuracy, simultaneous sensing ability,
and immunity to electromagnetic interference. This is the
case of Photonic Crystal Fibers (PCFs), also called holey
fibers, which contain arrays of tiny air holes along their
structure and allow, among other new applications, the
fabrication of new optical fiber sensors. A few years later,
in 1991, Yablonovitch and co-workers produced the first
photonic crystal by mechanically drilling holes a millimeter
in diameter into a block of material with a refractive index of
3.6 [19]. In 1995 Birks et al. proposed a fiber with air holes
along its length that could guide light through this structure
with interesting properties [20,21]. Nowadays the PCF
has become a subject of extensive research and has opened
a new range of possible applications. The structure of the
PCF enables to have different types of fibers such as endless
single mode, double clad, germanium or rare earth doped,
high birefringence, and many others with particular features
due to its manufacturing flexibility. This variety of choices
permits the use of PCF in numerous applications such as
sensors which measure physical parameters (temperature,
pressure, force, etc.), chemical compounds in gas and liquids,
and even biosensors [22, 23].

3. The purpose and objectives of the study

The following tasks were solved to reach the work
purpose:

1. For hollow core fibers to realize their potential
and advantages over conventional fibers in fiber optic
gyroscopes. Long fiber lengths in a PCFG generally offer
improved measurement sensitivity. The current loss levels
of hollow core fibers designed for single mode transmission
limit the fiber length. Although most of the light propagates
in air, the portion that interacts with the silica hollow core
wall experiences scattering and other loss mechanisms due
to imperfections at this boundary.

2. The hollow core fibers described herein were designed
with geometries for glass and coating diameter similar
to conventional telecommunication fibers. For PCFG
applications, coiling many turns of fiber benefits from a
reduced diameter fiber, such as one with an 80 micron glass
diameter, which is typical for many PCFGs. The hollow
core fibers offer improved bend sensitivity allowing for
tighter coils, but require a redesign of the fiber diameter to
further reduce the space occupied by the fiber on the coil.
This will require design and development activity to ensure
that the reduced size will not compromise the optical
performance produced by the special core and cladding
bandgap regions.

3. The hollow core fiber offers alow reflectance interface,
offering improved stability. Where designs require an
alternative interface, such as a splice, mechanical coupling,
or other type, reflections and mechanical integrity of the
interface will need to be managed.

4. Fiber optical gyroscope

Fiber optical gyroscope is based on the Sagnac effect
[24]. Sagnac effect generates an optical phase difference, Ao,
between two counter propagating waves in a rotating fiber
coil (optical path) [25]:
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where (Ag) — phase difference, Q — angular velocity, C —
light -/signal velocity, A — wavelength, S — is the scale factor

Fig. 1 shows fibers optic gyroscope as the simplest rota-
tion sensors. They are widely used in commercial applica-
tions where their dynamic range and linearity limitations
are not constraining.
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_m W S\ — — . R
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Fig. 1. Scheme of fiber optic gyroscope

During the rotation of angular velocity contour (), an
apparent distance between points A and B for the oppositely
traveling beams changes. For a wave traveling from point
A to point B, i.e,, in a direction similar to the direction of
rotation of the contour, the distance is extended, as in a
time dt point B moves to the angle (de=Q.dt) . This is for
lengthening the path of the light beam is equal to dt, since at
each instant the beam is directed at a tangent to the contour
at that same tangential linear velocity directed projection
(v="v.cosa=Qr.cosat). Thus, the length of the path
traversed by the beam is equal to DI+vdt. Arguing similarly,
for opposing traveling light beam will be a reduction in the
apparent path segment DI-0dt . Considering the speed of
light invariant quantity, apparent elongation and reduction
paths for opposing beams can be considered equivalent to
extensions and contractions of time intervals, i. e.,

At =L (Al+vdo), )
C
1

At =—(Al-v.dt). 3)
C

If the relative time delay of counter propagating waves
occurring during the rotation, expressed in terms of the
phase difference of counters propagating waves, it will be
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In the fiber optic gyroscope, an optical fiber is used as
the medium of propagation for the IR 1550 nmA. A long fiber
cable is winded into loops in order to increase the effective
area of the system. Two beams are again propagating through
the fiber in opposite directions. Due to the Sagnac effect, the
beam travelling against the rotation experiences a slightly
shorter path delay than the other beam. Since the optical
radiation propagates in a material medium, and it refers to
the optical fiber, which is made of quartz or quartz glass, such
physical phenomena as the birefringence effect, Kerr effect,
Faraday effect, etc. Adversely affect the angle of rotation
loop fiber optic gyroscopesand registered phase of the optical
signal. These effects associated with the process of optical
radiation propagation in the material of the optical medium,
leading to a phase shift of counter propagating waves, which
is not associated with the rotation of the closed loop. The
negative effects are also associated with the processes of
scattering and reflection of light in an optical path, the pola-
rization non-reciprocity effect associated with the asymmetric
arrangement of anisotropic elements, relative to the centre of
the fiber loop, or anisotropic fiber properties.This problem
was solved, and solved by the use of frequency and phase
modulation of the optical radiation is used, which allows to
shift the zero point on the slope with the maximum slope
of the interference signal. The resulting differential phase
shift is measured through interferometry, thus translating
one component of the angular velocity into a shift of the
interference pattern which is measured photometrically.

5. Hollow-core photonic crystal fibres (HC-PCFs)

Hollow-core photonic crystal fibers are optical fibers
with claddings made of glass incorporating arrays of air
holes. The core is formed by omitting several unit cells of
material from the cladding. The “holey” cladding has a two
dimensional photonic bandgap that can confine light to the
core for wavelengths around a minimum-loss wavelength A,
even when the core is hollow and filled with air [26, 27]. In
contrast, a conventional fiber guides light by total internal
reflection so its core must have a higher refractive index
than the cladding. Usually, this preform is then first drawn
to a cane with a diameter of e. g. 1 mm, and thereafter into
a fiber with the final diameter of e. g. 125 pm. Particularly
soft glasses and polymers (plastics) also allow the fabrication
of preforms for photonic crystal fibers by extrusion [28, 29].
There is a great variety of hole arrangements, leading to
PCFs with very different properties. All these PCFs can be
considered as specialty fibers. In this paper used the fibers
of the type Hollow Core photonic crystal fiber, 1550 nm,
010 pm , core Hollow core Photonic Bandgap Fibers guide
light in a hollow core, surrounded by a microstructured
cladding of air holes and silica. Fig. 2 illustrated Typical
attenuation and dispersion.

If the transverse scale of Hollow-core photonic crystal
fibers changes without otherwise changing the structure of
fibers, the wavelength A. of minimum attenuation must scale
in proportion [30]. Without recourse to the approximations
of the previous section, the mean square amplitude of the
roughness component that couples light into modes with
effective indices between n and n+3dn is

wl= ky T
Amy(n—n,)

coth((n — H2° )kw)fm, (5)

where y — the surface tension; kg — Boltzmann’s constant;
T — the temperature.
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Fig. 2. Typical attenuation and dispersion

The attenuation to these modes is proportional to u?
[31] but the only other independent length scale it can vary
with is A.. As attenuation has units of inverse length, it must
therefore by dimensional analysis be inversely proportional
to the cube of A.. If this is true for every set of destination
modes, it must be true for the net attenuation a to all
destination modes, so

ah) = ®)

This equation (described phenomenologically in [27]
but without theoretical support) predicts the attenuation
of a given fiber drawn to operate at different wavelengths.
The result differs from the familiar 1/A% dependence of
Rayleigh scattering in bulk media [32], and importantly
applies to inhomogeneities at all length scales not just those
small compared to A. We measured attenuation spectra
by the cut-back technique. A cut-back length of at least
50 mallowed transient leaky modes to decay away, so that
only the fundamental mode is measured. For a set of similar
Hollow-core photonic crystal fibers we determined the
minimum attenuation as a function of the wavelength A. of
the minimum. The fibres had 7-cell cores but were drawn
to different scales, giving them different A, but otherwise
comparable properties [30]. The minimum attenuation is
plotted in Fig. 3 against L. on a log-log scale. A straight-line
fit is shown and has a slope of 3.07, supporting the predicted
inverse cubic dependence in Eq. (6).

The low-loss part of the measured attenuation spectrum
of a 7-cell Hollow-core photonic crystal fiber, with a
minimum of 700 dB/km at A.=550 nm. (left inset) Measured
nearfield pattern at the output of this fibre at 550 nm.
(points). The minimum attenuation of similar HC-PCFs
with various transverse scales, versus the wavelength A. of
minimum attenuation (broken red line). A straight-line fit
to the points, having a slope of 3.07. (right inset) SEM of a
representative of these Hollow-core photonic crystal fibers,
with A.~1550 nm.

The minimum optical attenuation of ~0.15dB/km in
conventional fibers [33] is determined by fundamental
scattering and absorption processes in the high-purity



glass [32, 34], leaving little prospect of much improvement.
However, over 99 % of the light in HC-PCFs can propagate
inair [27] and avoid these loss mechanisms, making Hollow-
core photonic crystal fibers promising candidates as future
ultra-low loss telecommunication fibers. Nevertheless the
lowest loss reported in Hollow-core photonic crystal fibers
is 1.7 dB/km [27], though we have since reduced this to
1.2 dB/km. An understanding of the fundamental
limitations to this loss is therefore of great importance.
Since only a small fraction of the light propagates in silica,
the effect of material nonlinearities is insignificant and the
fibers do not suffer from the same limitations on loss as
conventional fibers made from solid material alone.
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6. The photonic crystal fiber requirements

These general requirements can be captured by a set of
more specific performance parameters as described below.

6. 1. Optical Path Length

Longer optical path lengths generally provide improved
measurement sensitivity, and this can be achieved with longer
fiber lengths, especially in the photonic crystal fiber gyroscope
(PCFG) configuration. Table 1 shows a comparison of optical
path length between hollow core and conventional fibers.

Table 1

Gives a comparison of optical path length for hollow core
and conventional silica core fibers.

Feature Conventional fiber Hollow core fiber
Loss (PM fiber)
@ 1550 nm <3 dB/km <15 dB/km
Loss (PM fiber)
@ 1550 nm <3 dB/km <2 dB/km
Nonlinearities Kerr effect limits Est.>100x better
Reflectivity advantage Reflectivity advantage
Coupling if splicing to other fiber if free-space coupling
components (IFOG) (RFOG)

To support that requirement, the fiber should have:

—low loss per unit length, to satisfy the optical power
budget allocation for fiber loss;

—low backscatter, to prevent noise and associated
measurement error;

— low nonlinearities, such as the Kerr effect, whereby
refractive index dependencies in the light-guiding material
due to electric field can cause a non-reciprocal effect in the
fiber loop leading to measurement error;

— effective coupling/interfacing, relating to power loss
and to interface reflections and crosstalk mechanisms,
thereby affecting other system design decisions and overall
measurement performance.

6. 2. Form Factor

Smaller size is a feature of PCFG when compared
to mechanical and ring laser gyroscopes. Table 2 shows
a comparison of Form Factor between hollow core and
conventional fibers.

Table 2

Gives a comparison of the form factor for hollow core and
conventional silica core fibers.

Feature Conventional fiber Hollow core fiber
Fiber Typ. 80 pm clad, 170 pm | Development fibers 125 um
diameter coating clad, 240 um clad
Fiber bend . .
diameter Typ. 2-3 inch <1 inch

To achieve the long optical path length in a small form
factor some of the optical fiber features to consider are:

— small fiber glass and coating diameter, to enable many
turns of fiber in a limited coil space;

—low bend sensitivity, to enable smaller coil inner
diameters without compromising optical power as a result of
increased bending loss.

6. 3. Stability

Stable performance and low drift are especially critical
in high performance gyroscopes. Table 3 shows a comparison
of the stability between hollow core and conventional fibers.

Table 3

Gives a comparison of the stability for hollow core and
conventional silica core fibers

Feature Hollow core fiber

Est. >7x better

Conventional fiber

Thermal stability Shupe effect limits

Polarlzatlon Poor if using stress parts for | Better than stress
maintenance olarization maintenance art designs
thermal stability p ) p 8

Rad'la'tl.on Poor if using co-doped silica | Est. 50x better
sensitivity

Magnetic Faraday effect limits

st. > t

sensitivity (less in a PM fiber) Est. >100x better

Fibers must provide stable performance in a number of
areas:

— thermal stability, such that a wide temperature range can
be supported and thermal gradients do not cause non-reciprocal
index changes (Shupe effect). The polarization maintaining
properties of a fiber should also be insensitive to temperature;

—radiation insensitivity, in particular for applications
such as space and aircraft navigation/guidance;

— magnetic field insensitivity, as fibers sensitive to this
(Faraday effect) may require additional shielding in the
gyroscope design.

6. 4. Hollow core fiber

Hollow core fiber is based on microstructured fiber
design using a photonic bandgap (PBG) cladding composed
of silica and air holes surrounding a hollow core for guiding,
as shown in Fig. 4 [35]. The photonic bandgap guiding



mechanism is fundamentally different from the traditional
total internal reflection guiding principle in conventional
fibers.

For fiber gyroscopes, hollow core fibers offer a number
of advantages over solid core silica fibers. This technology
provides for

— Low nonlinearities. As more than 98 % of the mode
is confined in air, not silica, the fibers are less sensitive to
nonlinearities such as the Kerr effect.

— Pure silica material, with no co-dopants that can add
to fiber environmental sensitivities.

—No Fresnel reflections at open fiber end when free-
space coupling in air.

— Polarization maintaining design
birefringence for low temperature sensitivity.

— Low bend sensitivity of fibers may be bent to very
small diameters of less than 1 inch without added losses,
thereby enabling smaller form factor designs.

using form

Zoky X1, 180  18mm

Fig. 4. Hollow core fiber cross section of core and cladding
region

It is designed example that may be useful in PCFG
designs are shown in Fig. 5, with both fibers designed for
transmission near 1550 nm. Fig. 5 (left) shows a polarization
maintaining design. The core wall has an asymmetric set
of glass enlargement around the core wall that is design
features to create a thermally-insensitive form birefringence.
Losses for this fiber are near 15 dB/km. Fig. 5 (right) shows
a larger core design (more multi-moded) optimized for low
loss, with losses for this fiber near 3 dB/km.

Fig. 5. A polarization maintaining hollow core fiber (left), and
a larger core lower loss design (right)

It is anticipated that fiber loss in a hollow core fiber
will approach levels achieved by conventional fibers as the
technology development continues. The opportunity for
continued performance improvements with these fibers will
only increase the advantages over conventional fibers.

7. Interferometer based on photonic crystal fibers

The main argument in favor of a replacement optical
fiber to another medium, is that the first Sagnac experiments
conducted in the hollow pipe and the low pressure air is not

observed effects are manifested in the optical fiber. In this
regard, it is evident that the use of such optical media, which
on the one hand, would allow optical radiation to channel,
and on the other hand did not change to its frequency and
phase characteristics. Such environments include photonic
crystals with defects. In such environments, the defect is a
hollow waveguide. Manufactured photonic crystal fiber has
a refractive index of 1.82 at wavelength 500 nm for this fiber
type Kagome effective single-mode propagation occurs in a
wavelength range from 750 to 1050 nm in diameter mainly
30micro and loss of about 0.7 dB/m [36] see Fig. 6.

Fig. 6. An example of a photonic crystal fiber with a hollow
core diameter of about 30 microns

The collapsed zones in the PCF cause a broadening of
the beam when it propagates from the SMF to the PCF
[37,38]. The broadening of the beam combined with the
axial symmetry and the modal properties of the PCF are
what allow the excitation (and recombination) of modes
that have similar azimuthal symmetry [39]. The modes
excited in the PCF have different effective indices (or
different propagation constants), thus they travel at different
speeds. As a result, the modes accumulate a phase difference
as they propagate along the PCF. Due to the excitation
and recombination of modes in the device, the reflection
spectrum is expected to exhibit a series of maxima and
minima (interference pattern). When two modes participate
in the interference the transmitted or reflected intensity (1)
can be expressed as:

=1, +1,+2,/LL, cos(Ap). (7)

In Equation (7) Iy and I, are, respectively, the intensity
of the core mode and the cladding mode and A®=27AnL/A is
the total phase shift. An=nf-nc, nf and nc being, respectively,
the effective refractive index of the core mode and the
cladding mode. L is the physical length of the PCF and A the
wavelength of the optical source. The fringe spacing or period
(P) of the interference pattern is given by P=A2/(AnL). The
maxima of the interference pattern appear at wavelengths
that satisfy the condition A®=2m=n, with m=1, 2, 3... This
means at wavelengths given by

A, = AnZ ®)

m

The fringe contrast or visibility (V) of a modal
interferometer is an important parameter, particularly when
the interferometer is used for sensing applications. Typically,
higher visibility is desirable since it leads to larger signal-to-
noise ratio and more accurate measurement. The visibility
of a two-mode interferometer can be calculated by the well-
known expression: V=(Inax—Imin)/(InmaxTImin), Where Iijax



and I,;, are, respectively, the maximum and minimum values
of I given in Equation (7). According to the definition and
Equation (7) V can be expressed as [40]:

_ 0k
T (1+k)’

®)

where k=I1/15.

Many research groups prefer fringe contrast (expressed
in dB) instead of visibility. The fringe contrast (FC) is
defined here as FC=-10log(1-V). In Fig.5 we show the
dependence of the fringe contrast on k along with the
theoretical interference pattern of device with L=10 mm
for two values of k. It can be noted that the fringe contrast
increases as k approaches to 6, i.e., when the two modes
that participate in the interference have equal intensities.
Fig. 7. Fringe contrast in a mode interferometer as a
function of k or the intensity of the cladding mode to that of
the core mode ratio. Fig. 8 shows the theoretical reflection
of spectrum in the case of k=0.4 (dotted line) and k=0.96
(solid line).
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Fig. 7. Fringe contrast in a mode interferometer
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Fig. 8. Theoretical reflection of spectrum

The physical mechanism for the waveguide propagation
of radiation in photonic fibers is not associated with the
phenomenon of total internal and with the presence of
the photonic band gap in the transmission spectrum of
the fiber cladding. Waveguides of this type are promising
for the creation of gas sensors, spectral elements, as well
as laser-cooled atoms management. Experimental studies
have shown that in some cases [41]. Relatively high loss
optical fibers with core air owing to scattering of light
by irregularities of the glass surface due to the capillary
waves frozen. Solution to reduce optical loss photonic
fibers requires further fundamental research, however,
we can already use small pieces of photonic fibers in
special measuring instruments, which include the FOG.
Photonic crystal fiber is a two-dimensional photonic
crystal structure based on the song “quartz glass-to-air”
formed in the shell.

8. Propagation of optical radiation in photonic crystal
defect

In [42] were considered in detail the conditions of
formation of photonic crystal fibers and spread them in
the optical radiation. Experimental studies of PCF were
conducted in a number of studies, for example, [43].
Photonic band gaps arising in the transmission spectrum
of a two-dimensional periodic cladding, provides a high
reflection coefficient for radiation propagating along the
hollow core, realizing mode waveguide propagation. In [43]
the results of an experimental determination of the optical
emission intensity distribution in the cross-sectional center
of the defect and the results of numerical calculation of the
distribution of power density in cross-section. These results
are shown in Fig. 9
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Fig. 9. Distribution of the output power with a hollow
core PCF

To date, published studies on the conditions of use
of PCF for transmitting optical information signals in
telecommunication systems, however, the use of PCF in
optical interferometers have only begun to explore, for
precision measurements of some physical quantities. In [44]
the results of measurement of voltage using a cylindrical
PCF, which is formed by the interferometer. To describe the
operation of a fiber gyroscope based on PCF must use the
description of the optical waves propagating along the two-
dimensional photonic crystal defect [45]. To implement
the necessary PCF fiber gyroscope with a minimum loss
of less than 1 dB/km, that extends single-mode radiation.
These fibers include, for example, commercially available
PCF — HC19-1550 (0,03 dB/km) or LMA-25 (1,5 dB/km)
operating at 1550 nm. The low level of absorption in these
fibers allows you to create on their basis multiturn ring
interferometer, which implements the Sagnac effect. The
main technical challenge in applying PCF is the junction
of the individual elements of the PCF, Here are some
distinctive features of the assembly fiber interferometer.

10. Conclusion

Photonic crystal fiber gyroscopes are a kind of optics
gyroscopes that present a diversity of new and improved
features beyond what conventional optical fiber gyroscopes
can offer. Due to their unique geometric structure,
photonic crystal fibers present special properties and
capabilities that lead to an outstanding potential for
sensing applications.The paper discusses the benefits
of using hollow core photonic crystal fiber, 1550 nm,



@10 pm instead of the conventional fibers in optical the sensor and the interrogation system in the presence of
gyroscope. They can provide dielectric isolation between  very high electromagnetic fields.
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