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Chapter 1

Introduction

Optical fiber sensors have been developing as a field for decades, sometimes hiding
in the shadow of a big motion of the telecom companies. The infrastructure devel-
oped for the use of fiber optic cables, as well as instrumentation for fibers handling,
were all used in the sensing field. Fiber sensors benefited from the fibers of high
purity and cutting edge technology devices, such as splicers, reflectometers, wave-
length division light sources becoming cheaper as technology grew. The very fiber
cable network can even serve as a gigantic distributed sensor for seismic activity [1].

The research subject of this dissertation refers to the field of curvature and shape
sensing, which is achieved by measuring strain conditions in individual cores of
a multicore fiber. Strain measurement in multicore fibers can be performed using
various techniques. The examples given in this dissertation mainly utilize fiber
Bragg gratings (FBGs), as this is the most visual and straightforward shape sensing
principle for demonstration. The scope for applications of this thesis is broader
and can apply to other interrogation and sensing methods beyond FBGs and even
beyond the application in shape measurement.

There is no recipe for making a perfect shape sensor covering every possible
application in a single configuration. From measuring a tunnel or bridge deforma-
tion to blood vessels condition, each task will require a tailored solution. Hence,
there is space for a family of shape sensors based on various multicore fibers and
interrogation solutions. Multiple aspects define the applicability of each particular
solution for a given task. These aspects must be studied to set boundaries defining
where a particular shape sensor can be used. Few technologies are available for
position resolved interrogation of optical fibers. These are based on time-of-flight
measurement - optical time domain reflectometers (OTDR), optical spectrum analy-
sis devices - spectrometers, tunable wavelength interrogators, and a combination of
both, more sophisticated systems - optical frequency domain reflectometers (OFDR)
and code division multiplexing systems (CDM). When used with multicore fibers,
the sensing length of these systems is decreased compared to conventional strain
sensors based on single-core optical fibers. An interrogation of multicore fibers is
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analogous to the multiple fibers measurement with a position synchronization.
The topic of shape sensors in multicore fibers has been addressed for more than

two decades now [2, 3]. The shape measurement based on multicore fiber exploit-
ing Rayleigh backscattering and FBGs conjugated with optical frequency domain
reflectometer being the most successful among others [4, 5]. In 2012, Jason Moore
and Matthew Rogge published a comprehensive description of how to calculate the
shape of an object using multicore fiber and parametric curve solutions [6]. In their
paper, they give a detailed description of extracting strain data from an optical fiber
and using it for shape reconstruction. The authors have performed simplifications
of Frenet-Serret equations to use them for a limited amount of data achieved from
fiber Bragg gratings in a multicore fiber. They also comprehensively covered the
shape reconstruction process along with the measurement errors evaluation.

In Chapter 2, several aspects have to be considered for optical fiber-based shape
sensing. Curvature measurement in multiple points and combination of these mea-
surements (shape measurement per se), calculation and reconstruction of shape is
one of them. The second aspect is using a fiber Bragg grating - optional for shape
measurement but a widespread instrument in fiber sensors. The third aspect is the
multicore fibers. They exist in various designs and are made of different materials
using several technologies. Additionally, multiplexing in optical fibers is discussed
from the perspective of shape sensors. The setups used for FBGs inscription in
multicore fiber, including Master Oscillator Power Amplifier (MOPA) excimer laser
and Talbot interferometer, are shown and explained. Fabrication methods of multi-
core fibers, including preform manufacturing methods and fiber drawing tower, are
elaborated upon.

The research part in the following chapters is split into four parts, each covering
a specific aspect of shape sensors based on FBGs in multicore fibers (Figure 1.1).
Topics include characterization of multicore fiber from the perspective of angular
orientation, FBG inscription in multicore fibers, optical waveguides characterization
and calibration for curvature and shape sensing, and special multiplexing concepts
utilizing multiple cores.

Chapter 3 is dedicated to the measurement of the angular orientation of anisotropic
complex optical fibers such as multicore, photonic crystal, or ribbon fibers. Along
with the orientation measurement, this chapter describes the issue of detecting
twists occurring during the fiber drawing procedure. The measurement of these
unwanted twists is used for further reconstructed shape correction, which other-
wise suffers from errors in the curvature direction detection. Several complex fibers
were studied in order to develop a procedure for orientation and twist measure-
ment. So it is essential to have a method that will provide us with the respective
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Figure 1.1: Main research topics of this dissertation.

location of the cores without cleaving the optical fiber, ideally fast enough to analyze
as the fiber is drawn. Since the fibers are drawn from the preforms, they replicate
the preform structure in a down-scaled size, and the angle measurement will reveal
the complete fiber core arrangement at the measured location.

In Chapter 4, the FBG inscription efficiency is discussed for a multicore fiber. For
the interrogation of an FBG array in a multicore fiber in the spectral domain, it is
essential to have reflection peaks with similar amplitude and spectral width to avoid
overlapping reflection peaks. In order to achieve such similar reflectivities, attention
should be paid to the angular orientation of the fiber during FBG inscription. At
a particular range of angles, even rare type II FBGs can be produced, which could
cause an overlap with neighboring peaks and create defects in cores. Therefore, such
critical orientations must be avoided for FBG inscription.

Another procedure that benefits from orientation measurement of optical fibers
is the calibration for curvature sensing, as described in Chapter 5. Orientation mea-
surement performed along the fiber length allows for detecting intrinsic twist and
reducing false helical shape reconstruction errors. Besides the calibration for the
twist, a protocol for accuracy enhancement is established. A step-by-step protocol
allows to eliminate errors coming from geometrical and material non-uniformities,
resulting in an uneven response of different cores and parts of the fiber to bending.

The last part of my research lies in the field of multiplexing. Within this disserta-
tion, two new multiplexing methods based on multicore fibers are presented. These
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methods have different purposes.
In Chapter 6, one method directed towards simplifying the optical equipment re-

quired for employing multicore fiber-based sensors is presented. The FBGs inscribed
in a bent fiber will have different reflection peak shifts in a linear state, which will
allow discriminating the reflection from gratings in different cores without a fan-out
device. This, in turn, will allow using a simple curvature or even shape sensor with
a single channel system. To utilize this principle with high efficiency, the direction
of bending performed for FBG inscription is crucial. The fiber must be bent in a
way that allows for achieving maximal distance between the cores projection onto
a plane parallel to the bending plane. It can be done, e.g., using a fiber angular
orientation system, as described in Chapter 3.

In Chapter 7, the multiplexing concept based on a patented design of a composed
multicore fiber component is introduced. The concept addresses a problem of a
limited shape sensor length based on arrays of FBGs. It is suggested to use cores
with different photosensitivity to combine sensing and signal transmitting cores in a
single cladding. The design allows for inscribing gratings during the fiber drawing
process in one specific set of cores only, while another set will be used to deliver
the signal from light source to FBGs and from FBGs to the interrogator undisturbed.
Examples of a specific design and choice of materials are given in this chapter.

Finally, in Chapter 8, the achieved results and their impact are summarized, and
an outlook for future work is given.
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Chapter 2

State of the art and used methods and
equipment

This chapter consists of three main parts related to state-of-the-art shape sensing
using multicore fibers.

The first part is dedicated to the concept of curvature and bending measure-
ment, explaining shape sensing from the perspective of the optical fiber structure
and methods to measure curvature and shape. Shape sensing calculation from local
strain measurements is given and discussed. Torsion as a possible event happening
in extended fibers and its effect on the measurement accuracy is covered. Multiplex-
ing systems that can potentially be used for shape sensing in multicore fibers are
described.

Fiber Bragg gratings are enabling elements for many fiber sensors. They can also
be well used in shape sensing applications. Fiber Bragg grating technology is de-
scribed especially from the perspective of multicore optical fibers. Also, the methods
for fiber Bragg gratings fabrication are given. The MOPA (Master Oscillator Power
Amplifier) excimer laser system provides coherent radiation for high-reflectivity
FBGs. The Talbot interferometer as a successful tool for inscribing gratings with
different periods is also described.

Multicore fibers in different designs, their fabrication methods from preform to
fiber drawing are discussed in the last part of the chapter. Multicore fibers require
special instruments and devices for splicing, interrogation, fan-ins and fan-outs and
these are therefore also described.

2.1 Curvature, bend and shape sensing

Optical fibers are well known as strain gauges - tools to measure and display relative
elongation. Fibers even have the property to measure their own layout in space [7–
10] (Figure 2.1). However, this property is not limited to optical fibers. Multiple
technologies have been reported with the ability to measure the curvature, which is
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the shape of a uniformly curved object, or to measure bending, which is a dynamic
change of curvature. Among technologies providing information about shape are:
electrical gauges [11, 12], optoelectronic devices [13, 14], machine vision [15, 16] and
others [17–21].

Figure 2.1: Layout of a multicore fiber in 3D space to be reconstructed from fiber bend-
ing.

Optical fibers are sensitive to shape because curvature or bending causes gradient
of strain and refractive index modulation in the fiber’s cross-section. However, due
to the centralized location of the core in the bending gradient, the layout of a stan-
dard single-core fiber cannot be measured directly. The gradient of the strain and
refractive index modulation changes along the bending direction and equals zero in
the neutral axis - an axis perpendicular to the bending direction and crossing the
center of the fiber (Figure 2.2a). The core can be shifted from the center to induce
curvature sensitivity in a single-core fiber, as shown in Figure 2.2b. Such sensor is
uni-directional since the core will experience strain and refractive index change with
maximum sensitivity only in one direction. In the case when a fiber can be bent in
different directions, a single-core measurement is insufficient since the change of
bending direction will modulate the sensitivity and, thus, create ambiguity. An ad-
ditional core would allow for extending the bending direction range. However, the
curvature direction as shown in Figure 2.2c is still ambiguous. Both cores will have
identical measurements, which can be confused with the stretching of fiber. There-
fore, an omnidirectional curvature sensor requires at least three cores(Figure 2.2d).
When ambiguity of torsion and stretching is of risk, an additional central core is
desirable (Figure 2.2e).

Shape sensing is the reconstruction of a structure curvature distribution and
its dynamic change using discrete strain measurements giving information about
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Figure 2.2: Different curvature and twist conditions for fibers with different designs.
a) - Single-core fiber is insensitive to curvature as the core is located in the middle
of the stress gradient created by bending resulting in zero strain on the neutral axis. b)
Offset-core single-core fiber can be a uni-directional bending sensor with a fixed bending
direction. c) - Two-core fiber can measure bending in a range of directions except for
the shown direction. d) - Three-core fiber can be an omnidirectional bending sensor, but
it cannot distinguish between strain and torsion. e) - Typical four-core fiber used for
shape measurement being able to measure omnidirectional and to discriminate strain

and torsion effects.

local stress conditions. Shape sensing in a multicore optical fiber is performed by
combining multiple curvature measurements distributed over a length of the fiber.

The shape measurement can be performed using discrete measurements of strain
from individual deformation sensors fixed on a test object. The accuracy of the
measurement and ability to distinguish between various types of deformation will
require multiple sensing points in the same plane and distributed sensing points
along the test object length. This is why optical fibers, having different options
for efficient multiplexing and evenly distributed sensing points, would be a good
choice for shape measurement [7]. Multicore fibers, which share the multiplexing
methods with conventional optical fiber sensors, can play an essential role in the
shape sensing field by confining cross-sections in a unified cladding (Figure 2.3).

Figure 2.3: Distributed shape sensing using four-core fiber.

Compact and lightweight, multicore fibers can fit into small channels, can be
glued to objects’ surfaces without changing their mechanical response to stress. The
operation of multicore fibers is similar to multiple fibers fixed together. Optical
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splicers, cleavers, and fiber strippers can be shared with single-core fibers. The com-
bination of cores sharing one cladding allows fabricating such fibers with the stan-
dard size as in the telecommunication fibers - (125µm). However, demultiplexing
remains an issue. Fanout devices, which allow to split fiber channels with multiple
cores and connect them to individual single-core fibers, often have to be custom
made. A method to overcome this problem and to avoid a fanout device for FBG
based sensors is addressed with a special approach for wavelength multiplexed grat-
ings in Chapter 6.

2.1.1 Calculation for curvature and shape

Multicore fiber calculations are performed via discrete strain measurements in the
cores located in a single fiber cladding. These cores have to be at a different distance
from the neutral axis of bending to provide information about the curvature direc-
tion. That is why the most common designs of a multicore fiber for shape sensing
consist of at least three cores forming a triangle.

To understand the shape calculation, it is necessary to see how the strain is
measured. Strain in optical fibers is routinely calculated from frequency (in the
case of measurement with an OFDR), or from wavelength shift (in the case of FBGs
interrogation). For the case of FBGs, the reflection peak center shift ∆λ is shown in
the Equation 2.1 [22].

∆λ = λBragg((1 − ρe)ϵ+ (αΛ +αn)∆T) (2.1)

Here, ΛBragg represents the wavelength peak center measured at the starting con-
dition, with no external force applied, and at the known, registered temperature.
The photo-elastic or stress-elastic coefficient ρe characterizes the change of refractive
index caused by stretching or compression. Measurement of this coefficient in mul-
ticore fiber is discussed in Chapter 5. Strain ϵ is the elongation parameter measured
in microstrains (∆L/L× 10−6).

Coefficients αΛ and αn represent thermal expansion and thermo-optical effects
per temperature increment ∆T .

In this work, the experiments are carried out in a temperature-controlled envi-
ronment. Hence, the temperature is considered to be constant. The temperature
cross-sensitivity of FBG based strain sensors is a well-known problem that applies
not only to shape sensors. The subject is therefore often covered in the literature
[23–25].

Now we consider a sensing fiber layer out in 3D space. A curve in 3D space
can be described by a set of Frenet-Serret formulas independently derived by Jean
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Frenet in 1847 and Joseph Serret in 1851 [26]. The formulas are given in the Equation
2.2, 2.3 and 2.2. In all three formulas, derivations are with respect to the position on
the curve, s.

dT

ds
= κN (2.2)

T is the vector directed tangent to the curve, κ is a scalar value of curvature, N is
the orthogonal vector to T directed toward the center of curvature.

dN

ds
= −κT + τB (2.3)

The scalar value of torsion is represented by τ. B is the binormal vector, orthog-
onal to both T and N.

dB

ds
= −τN (2.4)

In the paper published by Moore and Rogge [6], the authors elaborate the Frenet-
Serret formulas for general strain expression at discrete points for a particular case
of an optical fiber with any number of cores:

ϵi = −κri cos(θb −
3π
2

− θi) (2.5)

Here, ϵi is the strain experienced at the ith core, κ is curvature, θb is the angle
between an axis of a global coordinate system and the curvature direction, and θi is
an angle between the axis and the radius ri, which is drawn from the center to the
core number i (all parameters shown in Figure 2.4). For calculation convenience, the
accepted axis can be aligned with one of the fiber cores.

Further elaboration gives us the calculated curvature:

κc =
2 ×

√︃(︂∑︁N
i=1

ϵi
ri

cos θi
)︂2

+
(︂∑︁N

i=1
ϵi
ri

sin θi

)︂2

N
(2.6)

The final equation allows for calculating curvature and its direction from the
measured strain. Torsion and general stretching are not considered in this formula.
The calibration process allowing for a more accurate individual strain measurement,
considering additional intrinsic twist for avoiding an inadequate helical shape in-
stead of planar shape reconstruction, is discussed later in Chapter 5.
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Figure 2.4: Cross-section of a multicore fiber at the measurement point.

2.1.2 Torsion sensitivity and measurement

A multicore fiber is naturally responsive to torsion, which makes it an attractive
element of a torsion measurement device [27, 28]. In the context of a shape sensor,
the torsion has to be also considered for an accurate measurement. The four-core
fiber shown in Figure 2.2e, ordinarily used in shape sensors can measure the amount
of torsion, but not the direction. From the mechanical point of view, torsion will
cause stretching of the outer cores while the central core will not experience any
strain. For clockwise and anti-clockwise torsion with the same strength it will cause
identical measurement of strain in the fiber. To introduce a sensitivity to torsion
direction, the multicore fiber can be twisted intentionally during the fiber drawing
process. Here, the fiber preform is rotated in a holding mechanism at a constant
speed while being drawn. This allows achieving a wide range of twist periods,
with most of the papers reporting about 50 rotations per meter and more [29, 30].
However, the twisted multicore fiber also has some considerable limitations. Such
small rotation periods, comparable to a typical FBG length, are used to increase
the torsion sensitivity range. The range in which the fiber can still discriminate the
torsion direction is limited by the intrinsic twist. When a fiber is twisted counter
to the imprinted twist, the outer cores experience compression, while the central
core remains undisturbed. This happens up to a state when the outer cores become
straight. If the torsion is greater than the intrinsic twist, the cores stretch again after
crossing the state of straightened cores.

The possible twist period is limited by spatial resolution or, in the case of FBG
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based sensors, the length of an individual grating. When the minimal spatial reso-
lution or a grating length size is comparable to the fiber twist period and the fiber
has a large curvature (curvature radius > twist period), the single will measurement
point or a grating will be located on both sides from the neutral bending axis.

As shown in Figure 2.5a, points A and B are located in a blue twisted outer core
with an inscribed FBG. The grating length is greater than a half of a twist period.
When fiber is curved as shown in Figure 2.5b, the points A and B are located on
different sides of the neutral axis. Both stretching and compression effects will
be detected by the FBG in the blue core simultaneously. This affects the shape
of the FBG reflection peak and might induce a peak detection algorithm failure
(Figure 2.5c).

Figure 2.5: FBG inscription and curvature measurement in a twisted multicore fiber a) -
An FBG inscribed in the blue core of a twisted fiber. The length of the grating is greater
than a half of a twist period. b) - Bent multicore fiber. The points A and B are now
located on different sides of the neutral axis. c) - The shape of the FBG reflection peak

changes with bending.

2.1.3 Interrogation methods in distributed shape sensing

Shape is a fundamental parameter for the structural health management of criti-
cal components [31–36]. Shape sensing is also an essential part of robotics [37–39]
and ambitious application for medical catheters [40–42] and aircrafts wing behavior
study [43, 44]. Despite being involved in many fields, the demands and expec-
tations from the shape detection devices are very different. There are explosive
environments that cannot exploit electric-based gauges. Also, the spatial resolution
needed for a surgical needle or a catheter will not work for a bridge. Nevertheless,
an optical fiber-based sensing system can apply to both, even with an identical fiber.

What enables the applicability of a similar optical fiber for such different tasks?
Several methods have become mature in the sensing field that change fiber capabil-
ities depending on the interrogation technology. A quick overview of the standard
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fiber measurement technologies will help understand the advantages and weak-
nesses and why choosing an appropriate interrogation system for a specific task is
crucial.

Time resolved systems

In this category, the first and most common method is optical time-domain reflec-
tometry (OTDR)[45–49]. This kind of device launches a series of short pulses into
the fiber and measures backscattering: Rayleigh, Raman, or Brillouin. A significant
advantage of these systems is the long-distance measurement. Standard fibers are
applicable and no specific fiber preparation is required. On the downside, poor
spatial resolution, ‘blind zones’, and low SNR limit the use of OTDR for shorter
fibers and for accuracy demanding tasks. The spatial resolution can be enhanced
by the use of phase-sensitive OTDR (ϕ-OTDR) via the use of coherent illumination
source [50, 51] but the primary use of such reflectometers is in very long system
networks (several hundred meters and more). To my best knowledge, multichan-
nel OTDR systems are not yet commercialized. Low spatial resolution, frequency,
and extended sensing distance would be more applicable to large curvatures. The
available demonstration of the use of multicore fibers for large curvature measure-
ments is limited. Shape sensing has been shown using BOTDA - Brillouin optical
time-domain analysis [52], and BOTDR - Brillouin scattering OTDR in the form of
sequential interrogation of multiple cores for a static shape with the latter having
a significant advantage due to single end connection versus a pass-through scheme
[53, 54].

Spectral domain interrogators, WDM devices

Wavelength division multiplexing in optical fiber sensors is often associated with
fiber Bragg gratings. Strain sensors based on FBGs are very mature and used for
a few decades. They have become popular thanks to the simple, affordable inter-
rogators, which can simultaneously measure 40-60 strain gauges depending on the
spectral distance of bandwidth of the illumination source. There are typically two
configurations used in the FBG interrogators. The first configuration relies on a tun-
able laser source synchronized with a photodetector plotting the signal change in
time as a change of wavelength [55–59].

The second type of WDM interrogator relies on a spectrometer. The light re-
flected from a grating or an array of gratings is collimated and directed to a spectral
grating and is read out by a linear pixels array (CCD line) or a camera. Wavelengths
are spatially resolved, and peak centers are determined by the center of the gravity
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of the signal. This type of interrogator is relatively cheap and can be very compact
[60–62].

Frequency domain systems

Frequency domain systems are represented by the Optical Frequency Domain Re-
flectometers (OFDR). This interrogator uses a fast photodiode and, similarly to
phase-sensitive OTDR, takes advantage of a coherent illumination via a tunable
laser source. In addition to the coherent time-coded signal, OFDR applies a Fourier
transform algorithm to achieve frequency characteristics of the data. This advanced
technique became popular thanks to high spatial resolution and the high number
of sensing points possible to interrogate [63–66]. The presence of commercial multi-
channel OFDR systems, along with high accuracy of measurement and good spatial
resolution, made these interrogators popular for shape sensing with multicore fibers
[5, 67–70]. OFDR can be used with regular fibers to analyze a Rayleigh backscat-
tering signal and with arrays of FBGs, including quasi-continuous gratings. OFDR
systems are very versatile and combine advantages of other popular interrogators.
The major limitation for the general use of OFDR is the high price, especially for
multichannel options, which can be explained by the complexity of the devices. The
developers of OFDR systems promise chip integrated devices to increase accessibil-
ity in the future [71].

Code division multiplexing

One of the most recent advancements in the field of fiber Bragg gratings is the in-
terrogation method, which allows overcoming ambiguity when interrogating FBGs
with identical spectra in the same channel. This new method employs code-division
multiplexing [72–74]. This method substantially broadens the available length of
FBG based sensing networks. Up to 4000 FBGs interrogated by a single device have
been shown in publications [75, 76].

2.1.4 Current trends in shape sensing

Current trends in shape sensing using optical fibers includes temperature compen-
sation, actual for the conventional strain sensors in optical fibers [77–79], adding
force measurement and overall multifunctionality [37, 41, 80], expanding the range
of measurements towards larger radii [81]. Another trending research direction is
that of medical appliances, such as endoscopes and surgical catheters. Multiple
studies are carried for flexible medical instrumentation [42, 82].
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2.2 Fiber Bragg gratings

A fiber Bragg grating as a main element in many optical curvature and shape sensors
is a periodical change of the refractive index in the core of an optical fiber (shown
in Figure 2.6). A single fiber Bragg grating can be considered as a wavelength
selective dielectric reflector. Bragg gratings are inscribed to induce narrow band
back reflections in the fiber core.

Figure 2.6: Schematic of a piece of an optical fiber with an FBG in the core. The FBG is
forming multiple interfaces with typically a sine-like refractive index modulation.

Periodical refractive index changes in a fiber Bragg grating result in essentially
multiple reflecting interfaces taking advantage of thousands of weak Fresnel reflec-
tions, creating a phase-matching condition with a counter-propagating mode (Equa-
tion (2.7)). Thus energy transfer is possible in agreement with the coupled-mode
theory [83–85].

β1 −β2 =
2πN
Λ

(2.7)

Here β1 and β2 are propagation constants of two modes interacting with a grat-
ing with a period Λ. N is an integer number corresponding to an order. The propa-
gation constant β of a mode can be found through the effective refractive index neff,
and the propagating light wavelength in vacuum, λ:

β =
2πneff

λ
(2.8)

The main parameters characterizing an FBG are the reflection peak central wave-
length λB, the reflectivity R, and the full spectral bandwidth ∆λB. The Bragg reflec-
tion wavelength is:

λBragg = 2neffΛ (2.9)
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Here, λB indicates the center of reflection peak for the fundamental mode with
an effective refractive index of neff. If the fiber has more than one mode, it will
result in multiple reflection peaks.

The following parameters apply to uniform FBGs - gratings with constant period
and refractive index modulation amplitude. The strength of the grating or reflectiv-
ity, R, depends on the coupling constant κB and the grating length L:

R = tanh2(κBL) (2.10)

The coupling constant κB can be found when the refractive index modulation am-
plitude ∆nmod and the mode power ratio η are known:

κB =
π∆nmodη

λB
(2.11)

The grating bandwidth, i.e., the spectral distance between minima of the strongest
peak, can be calculated as in:

∆λB = 2λB
Λ

L

√︄
1 +

[︃
κBL

π

]︃2

(2.12)

For a weaker grating (κBL ≪ π) the reflection bandwidth merely depends on
the number of fringes or periods Λ/L, whilst with κBL > π the coupling coefficient
becomes dominant.

There are several different types of fiber Bragg gratings which are defined by
the period and uniformity of refractive index modulation (main types are shown in
Figure 2.7).

Figure 2.7: Refractive index modulation in different types of FBGs.

Chirped gratings are used to achieve a broader reflection spectrum. Broadening
of the spectrum is achieved by variation of the period over the grating length. This
can be beneficial for in-fiber filters, laser resonators, sensors, and others [86–89].
Another common application of chirped Bragg gratings is the chromatic dispersion
compensation in the optical networks employing wide spectrum DWDM [90–92].
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Phase shifted gratings are originally a pair of identical FBGs with a distance
between two gratings corresponding to a phase shift of π/2. This kind of grating
has a narrow notch in the reflection spectrum. Phase-shifted gratings are used for
enhancing sensitivity of conventional FBGs [93–95].

Superstructured gratings are FBGs with a complex periodic change. They can
be seen as a set of consecutive gratings with varying periodicity and length. The
main applications of superstructured FBGs are the simultaneous measurement of
temperature and strength and for achieving modes coupling [96–99].

Apodized gratings are specifically made for peak side lobes suppression [100–
102]. This is achieved via a gradual increase of refractive index modulation from the
edges to the center.

2.2.1 History of fiber Bragg gratings

The photosensitivity of doped silica fibers was first discovered and described in
1978 by Hill et al. [103]. The authors studied absorption in a few-mode fiber with a
length of 62 cm through injecting an argon-ion laser beam in the core (Figure 2.8).
As a result of the experiment, a reflection, now counter-propagating to incoming
light was detected after a few minutes of exposure. This was explained as a peri-
odical perturbation of the refractive index formed by a standing wave created by an
interference of incoming light and Fresnel reflection from the second fiber end facet.
The overall reflection from the created structure was narrowband and was detected
at the wavelength of the laser source without affecting the transmission of the other
parts of the spectrum. This proved that the new structure was periodic and did not
increase the absorption properties of the fiber. The authors also reported the relation
of the spectrum and strain and/or temperature.

Figure 2.8: Standing wave inscription scheme

Later, in 1981, Lam and Garside replicated this experiment and studied a few
dependencies in the gratings [104]. They built a theoretical model for the grating
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formation and proved that the process responsible for the formation of the grating
is a two-photon process, as was shown for the photorefractive effect in some crystals
and in 1978 also with an argon-ion laser [105]. They studied the dependence of the
induced refractive index change on the optical power of the illumination source and
concluded that it is proportional to the square of optical power. Hence, double-
photon absorption takes place in the experiment. This discovery made by Meltz,
Morey and Glenn in 1989 showed that the photorefraction mechanism is related to
the energy level of the germania oxygen-vacancy defect band [106].

The authors used a tunable dye laser combined with a frequency doubling crystal
to achieve a source with a spectral band around 244 nm and appropriate coherence.
This allowed for comparing the energy flux of lasers initially used for the grating
inscription exploiting double-photon absorption with the laser emitting at the UV
region and showing that single-photon absorption was nearly a million times more
efficient. The first side-illumination inscription was successfully used and described
in this paper (Figure 2.9). This was also the first interferometric scheme used for
the grating fabrication. This method did not require accessing a facet of fiber and
broadened capabilities of a single inscription setup since the interferometer could be
tuned in order to achieve gratings in all transparent windows of silica optical fibers.
The experiment proved that the silica cladding of the optical fibers was transparent
enough to allow the laser light to reach the germanium-doped core.

Figure 2.9: Side illumination FBG inscription scheme

The applications for new in-fiber structures as well as fabrication methods started
to develop rapidly, e.g., in sensing and, as suggested in the first paper, as external
reflectors for bulk lasers, FBGs found their way to fiber lasers, allowing a reduced
size and increased handling comfort of these devices. One of the most critical mile-
stones in the FBG history happened in 1993 and was associated with the first use of
a phase mask for beam splitting [107].
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2.2.2 FBGs fabrication methods

A phase mask is a grating, or a periodic structure on a transparent substrate. It ef-
fectively splits an incoming light into few diffraction orders. The grooves shape can
be designed and manufactured so that most of the incoming energy is transferred
to specific orders (e.g., +1 and -1). A phase mask as a beam splitter has many ad-
vantages. One is the direct inscription, allowing to place a stripped photosensitive
fiber onto phase mask or very close to it and to achieve an interference pattern with
good contrast even with laser sources with limited coherence (Figure 2.10). Another
crucial advantage is in handling and adjustment convenience. A phase mask is often
optimized for normal incidence. It creates a symmetric split and can be accurately
placed. Such a symmetric setup allows precise overlap of the beams in the fiber core
and represents an identical arms length in the interferometer.

Figure 2.10: FBG inscription using phase mask (phase mask method)

The most common methods for Fiber Bragg gratings fabrication are phase mask
or interferometric methods. Furthermore, when looking at the majority of the in-
terferometric inscription schemes, it is usually the phase mask operating as a beam
splitter due to simple adjustment and even energy distribution between the orders.
Despite the domination of these two methods, alternative techniques have appeared
in literature and have been reported throughout the last 30 years. Here I will discuss
the primary methods for standard Bragg gratings inscription. Other types of fiber
gratings, such as tilted, long-period, etc., can be fabricated using similar or identical
techniques. The most common method for FBG inscription is a phase mask method
shown in Figure 2.10. The method’s main advantage is reliability, low requirements
for the laser source, and minimum elements required. The period of the grating in
the fiber is fixed to the half of the period mask according to the diffraction condition
when the fiber is installed perpendicular to the pitches of a mask.

The principle relies on creating an interference pattern behind the mask from
the overlapping diffraction orders of neighboring lines or grooves. For the best
achievable performance, the fiber must be placed directly on the mask surface. This
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position provides the highest contrast of the interference pattern. Although the
interference pattern created by a single mask is fixed, it can be manipulated in a
small range [108–110]. The optical fiber can be tilted or stretched, as shown in
Figure 2.11 a, b. These tricks can shift the fiber’s grating reflection spectral peak
towards longer (tilt) or shorter (stretching) wavelengths.

Figure 2.11: FBG inscription using phase mask. a) - Typical standard FBG inscription.
b) - FBG reflection peak wavelength tuning using tilt of the fiber in regard to the phase

mask. c) - FBG reflection peak wavelength tuning using fiber deformation.

When a fiber is placed at a distance from the phase mask, the interaction happens
between different parts of the beam, leading to increased requirements for the laser
source spatial coherence.

2.2.3 Laser sources for FBG inscription

For laser sources used with the phase mask and in some other methods, the most
prominent ones are KrF and ArF excimer lasers and Ti:sapphire femtosecond lasers.
These lasers exploit different mechanisms to modify the structure of glass. Excimer
lasers, with their radiation wavelength of 193 nm (ArF) and 248 nm (KrF), are emit-
ting at the absorption band of germania fibers. Therefore, the efficiency of the grat-
ings inscription is highly dependent on the germanium doping of a fiber core. The
principle of fs laser inscription is different and does not require a specific dopant
[111]. The intensities achieved in the focus of a 100 fs long laser pulse induce non-
linear absorption in the fiber and elevate the refractive index in a small region with
the highest intensity [112, 113]. Both excimer and fs pulsed lasers are widely used
nowadays and gradually replace CW Ar+ used previously and reported in the first
publications about FBGs. Both types of lasers are used in the commercial “Plug and
Play” devices which allow inscribing gratings outside of a laboratory environment
[114, 115]. Both excimer and fs lasers can be used in interferometric FBG inscription
setups. The interferometric method is more sensitive to the source parameters. The
main challenge for excimer lasers is the fiber placement and alignment within the
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coherent region. Excimer lasers are known for poor temporal and spatial coherence,
limiting their use in larger interferometric setups. To enhance the temporal and spa-
tial coherence, excimer laser manufacturers suggest using MOPA systems (Master
Oscillator - Power Amplifier).

AMOPA excimer laser system was used for all grating inscription experiments
described in this thesis and therefore described here in details.

A MOPA excimer laser system consists of two laser modules with a connected
axis and synchronized pulse generation (Figure 2.12). Laser modules can be iden-
tical or different depending on the required output pulse energy. Each module has
a gas chamber filled with buffer, inert, and halogen gas. In the case of KrF laser, F
acts as a halogen gas, Kr as an inert gas, Ne is usually used as a buffer (The same
system can also be used with He with some adjustments in gas proportions and
pressure). The gases’ proportions are as follows: 65 mbar of 5% F, 95% He mix-
ture, about 90-100 mbar of Kr, and 3500 mbar of Ne. Excimer stands for ‘excited
dimer’, a common but misleading name applied to ArF and KrF lasers for the type
of molecules created only from excited atoms. The more appropriate name for the
ArF and KrF lasers would be ‘exiplex’ (excited complex) laser. Excitation of the Kr
and F molecules is achieved with a short electric discharge of high power. A typical
operational voltage of such commercial excimer lasers is in the kV region and 22-26
kV for the used laser. The rapid transfer of the high voltage to the electrodes is per-
formed by another critical component of the laser - the thyratron. A thyratron is a
gas-filled device (hydrogen in our case) operating a switch via exploiting Townsend
discharge. The electrodes with a specific shape create a region inside the gas cham-
ber with extremely high charge density, forcing exciplex molecules to create. These
molecules are unstable and have a short lifetime (in the ns range), and fall apart,
producing spontaneous emission in the process. The distance between electrodes,
as well as their shape, will limit the beam size.

The Master Oscillator (MO) provides a narrow spectrum illumination of about
1-1,5 pm via spectral filtering. On one side of the MO, there is a module responsible
for spectral filtering. It consists of a spatial filter (diaphragm), a prism telescope,
and a reflection grating. The prism telescope expands the beam on the way to the
grating to efficiently use the diffracting surface and reduce the energy density on
the grating. The diffracted beam is collimated on a prism telescope. Only its’ peak,
the central part with a narrow spectrum, can pass through the diaphragm. Then
the beam is amplified in the gas chamber and goes through a partially reflective
mirror to the MO output. Here it enters a transportation module. In the given
laser, enhanced spatial coherence is achieved via beam expansion in a magnifying
telescope. Then the expanded beam with the narrowed spectrum and increased
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Figure 2.12: MOPA excimer laser principle scheme. 45◦ dm - dielectric mirror.

spatial coherence enters the Power Amplifier (PA). In the used setup, the PA does
not have a resonator and provides a single-pass amplification. Alternatively, there
might be a set of partly reflective mirrors installed. In this case, the output energy is
expected to increase by using the population inversion with greater efficiency. There
is also a possibility of replacing a telescope with an unstable resonator in the PA,
which will also increase spatial coherence [116]. It is important to note that both
laser modules are synchronized in time. The PA starts when the beam from MO
enters the gas chamber with a slight delay added to ensure that the first part of the
pulse consisting of spontaneous emission has left the PA.

The beam size of this laser is 8x10 mm, with output energy of about 200 mJ
in a single pulse. The repetition rate can vary from 3 to 50 Hz. This allows in-
scribing gratings on the optical table with an interferometer. When installed on a
fiber drawing tower, such operation frequency allows inscribing gratings with differ-
ent spacing, including forming quasi-continuous gratings or all-grating fibers with
identical or changing periods [117].

2.2.4 Talbot interferometer

Complex laser systems with high coherence have the advantage of being used in
interferometric inscription setups. Interferometers are very responsive devices, and
the schemes with symmetric designs are advantageous for simple alignment. One of
the most used symmetric schemes is the Talbot or Phase mask interferometer (Figure
2.13). This interferometric scheme was used for all grating inscription experiments
described in this thesis.
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Along with the convenient alignment, Talbot interferometer allows for combining
the diffracted beams in an identical way as in the region behind the phase mask, as
shown in Figure 2.13, the edge A’ of +1 diffraction order is combined with side
A” of -1 diffraction order, both emitted from edge A on phase mask. The focus
of a cylindrical lens is located near the fiber and is distant from the phase mask,
which reduces energy density passing through the mask. To inscribe a grating,
reflecting a peak with a desired wavelength λBragg, the knowledge about period Λ

and effective refractive of a fundamental mode neff is required (Equation 2.9). The
effective refractive index neff can be taken from the fiber datasheet for the fiber,
or measured using different techniques [118, 119], including FBG inscription with
a known period. This can be achieved by inscribing a weak grating (about 1%) in
the fiber using a phase mask method as shown in Figure 2.11a. The period of the
obtained FBG will be equal to a half of the phase mask period. Effective refractive
index neff can be then calculated from the Bragg condition (Equation 2.9).

The in-fiber grating period Λ in case of interferometric method depends on the
laser source wavelength λlaser and the half-angle θ (see Figure 2.13) between the
combined beams:

Λ = λlaser/(2sinθ ∗n) (2.13)

The angle θ depends on the half of diffraction angle α and the tilt of the mirrors
β. It is important to note that a change of a tilt of, e.g., 1◦ will change θ by 2◦:

θ = α+ 2 ∗ (90 −β) (2.14)

The angle α is calculated from the diffraction condition shown in Equation 2.15
for the diffraction order k = (+/−)1 in this case.

α = arcsin(λlaser ∗ k/d) (2.15)

The period change of the interference pattern is performed via tilt of the dielectric
mirrors with the rotation axis crossing the Pivot point as shown in Figure 2.13.

The Talbot interferometer allows for inscribing gratings in a wide range without
re-calibration for the accurate fiber position when aligned and centered well. This
is especially an essential requirement for inscribing arrays of gratings during the
fiber drawing procedure since calibration is done for a short range of reflection
wavelengths λBragg and a re-calibration for a different wavelengths is not possible in
ongoing process.
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Figure 2.13: Talbot interferometer symmetry demonstration: the side A of the diffrac-
tion order +1 is overlapped with the side A of the diffraction order -1 in the fiber region.

2.3 Multicore optical fiber

As the main transmission element of modern telecommunication systems, the opti-
cal fiber is a waveguide for a confined electromagnetic radiation transmission, typ-
ically in the near-infrared region (NIR). Despite the vast majority of optical fibers
operating in NIR, reported applications of optical waveguides cover the entire opti-
cal radiation region. After developing single-core waveguides, there have been early
attempts to parallelize light-guiding cores, especially for imaging purpose. Starting
from fiber bundles for flexible endoscopes, multicore optical waveguides have been
developed. A multicore optical fiber is a fiber containing more than one light waveg-
uiding core. Multicore fibers tackle the possibility of multiplying the signal capacity
of a single fiber via a space-division multiplexing solution. This allows to pack more
transmission channels in the same dimensions and manufacture information com-
munication cables with larger transmission capability. Increased capacity at lower
material and price cost was one of the main achievements of the optical fiber era,
and multicore fiber enables the evolution of this feature. Along with the advantages
of exploiting multicore fiber, there are several challenges to take when changing to
multiple core fibers. This includes more sophisticated instrumentation for coupling
and splicing (generally more expensive), new multiplexing elements, and stricter
fiber design requirements. This creates an obstacle on the way to accepting multi-
core fiber-based cables as a standard for telecommunication networks. When talking
about the general challenges of using multicore fibers, two main subjects are coming
out. First is the intermodal coupling between the modes of different single-mode
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cores. The second is the multiplexing/demultiplexing methods and devices. A ma-
jor delaying factor for the use of such multicore fibers is the need for the physical
discrimination of the signals coming from different fiber cores.

2.3.1 Multicore fibers fabrication

Multicore fibers are considered to be a relatively recent technology, but a patent
from 1979 was already claiming that there are numerous techniques available, in-
cluding a rod-in-tube which from description seems to be similar to the actually
used nowadays stack-and-draw method [120]. The roots of multicore fibers go back
to 1974 when a fiber drawn from a compound preform was demonstrated [121].

Today there are two main technologies used for multicore preforms: the stack-
and-draw method and the drilling and insertion method, with majority of multicore
fibers reported using the first one [122–139].

The drilling method is well known from the PANDA fibers manufacturing pro-
cess, where the preform is drilled to insert two stress-inducing rods and then drawn
normally [140, 141]. In multicore fibers, the holes are drilled in a silica rod for
several cores (Figure 2.14). The cores are usually made using standard preform
manufacturing technologies, i.e., Modified Chemical Vapor Deposition (MCVD).

Figure 2.14: Drilling and insertion multicore fiber preform preparation method.

Then processing (polishing) of drilled channels has to be performed [29]. This
is required to avoid defects in fibers that can develop from rough surfaces or mi-
croscopic scratches and glass particles. After the canes consisting of a down-scaled
single-core preform are inserted into the channels, the fiber is drawn normally. Ap-
plying this method to multicore fibers is time-consuming and puts limitations on
the preform length, depending on the drilling setup [142]. The only advantage that
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can be counted for the drilling technique is the lack of need for a core to cladding
ratio adjustment, which is frequently required in the stack-and-draw procedure.

Multicore fiber production using stack-and-draw technology is shown in Figure
2.15.

Figure 2.15: Stack-and-draw multicore fiber preform preparation method.

The core material is made from a regular preform manufactured using, i.e., the
MCVD process. This core material is polished or etched from the outside to increase
the core/cladding ratio. Typically, a hexagonal structure made of many rods is
composed. Then this structure is inserted into a silica tube, and the tube is sealed
or melted along with the inner elements. Multicore preform prepared this way can
be drawn normally. A few examples of multicore fiber cross-sections drawn from
fibers using the stack-and-draw technique are shown in Figure 2.16.

Figure 2.16: Multicore fiber examples drawn from a preform made using stack-and-
draw technique. a) - Seven-core fiber optimized for splicing with SMF-28. b) - Photo-
sensitive seven-core fiber optimized for FBG inscription. c) - Multicore fiber with eight

cores.

A fiber drawing tower, as shown in Figure 2.17 consists of many components.
The preform in-feed system is controlled by the amount of material consumption in
the oven. The graphite oven, reaching temperatures above 2000◦ is working in a gas
environment to prevent oxidation. Coating filers apply the coating in one or a few
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Figure 2.17: Schematic of a fiber drawing process.

steps with the following curing by the UV lamp. The tractor regulates the drawing
speed depending on the measured fiber diameter. Then the fiber is wound on a
spool.

2.3.2 Fanouts, splicing and channels management

Multicore optical fibers were demonstrated to comply with ITU-T Recommendations
[143–149], but until today there is no standard for a multicore fiber [150, 151]. Lack
of general standard classifies multicore fibers as a specialty optical fibers. Most com-
monly used single mode fibers in the telecommunication industry have very similar
geometrical parameters, tolerances, mode field diameters and are often interchange-
able. High-precision instrumentation has been developed to work with such fibers
and has been made accessible through mass production. Handling protocols for
single mode optical fiber have been established.

On the other hand, multicore fibers require more complex devices and addi-
tional equipment, development of which is not concentrated on a specific design
but instead spread between fibers with the different number of cores, core-to-center
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distances, and other variable parameters. Multicore fibers are usually made with
fibers outer diameter of 125 µm identical to telecommunication fibers, and the same
coating materials are applied. This allows sharing cleaving and stripping equipment
with standard single-mode fibers such as SMF-28. The process of stripping the fiber
is identical to single-core fibers. Cleaving is more demanding in terms of quality
since cracks on a cleave, which happen often and can be ignored for splicing single-
core fibers, can result in poor connection with the multipole cores suffering from the
crack.

Figure 2.18: Typical multicore fiber measurement setup. Multicore fiber is marked by
FUT, it is spliced to a fanout. Fanout consists of three parts. identical multicore fiber
or a fiber with similar design, multicore fiber of the fanout is coupled to bundled fibers
marked A. Bundled fibers are separated into individually jacketed fibers in the box B. C

- multiple fiber connectors plugged in the multichannel interrogator.

The general utilization of multicore fibers is more complex, and the typical inter-
rogation scheme includes a fanout device and a multichannel interrogator (Figure
2.18).

Splicing multicore fibers

The current techniques for multicore optical waveguides splicing [152] are similar
to alignment of polarization-maintaining fibers, which have no complete rotational
symmetry [153–157] and rely on the white light illumination and allocation of the
focal points. The automatic regimes, used in commercial splicers for splicing fibers
with respect to their orientation are not applicable to multicore fibers or have low
reliability. Precise alignment of the fibers must be completed by a visual comparison
of the end facets of the cleaved fibers to prevent the common errors of the automatic
method (Figure 2.19).
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Figure 2.19: Multicore fiber splicing procedure. a) - Fibers side-view observation
method. b) - Fibers end facets observation method.

After setting the orientation for both fiber ends, the splicer retains the angle and
performs the splice normally. This method ensures that cores will be connected
and even enables splicing fibers with different designs, e.g., single-core fiber to a
multicore fiber or eight core fiber to a seven-core fiber as shown in Figure 2.20. In
this case, only six cores (marked in green circles) would be interconnected.

Figure 2.20: Fujikura 100p+ optical fiber splicer screen. Six cores of a seven-core fiber
(marked green on the left side) are spliced to six cores of an eight core fiber (marked

green on the right side).

The process of splicing multicore fibers is generally more complex and time con-
suming. Most of the splicing of multicore fibers has to be done semi-manually. This
limits the use of multicore fiber in both telecommunication networks and sensing
systems.

Fan-in/fan-out devices

The most common scenario in multicore fibers splicing operations is the connection
to a fan-in/fan-out (can be the same device, later referred to as fanout). Fanout is
a device allowing for out-coupling the signals from each core of a multicore fiber
into individual fibers or coupling a signal from several separate fibers to the cores
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of a multicore fiber [158–161]. Fanouts up to date do not have a standard following
a lack of a standard for multicore fibers in terms of design, and thus typically,
they are custom-made. There are two types or manufacturing methods for fanouts.
First type is the bundle of fibers (Figure 2.21a). This type of a fanout is made of
a bundle of single-core fibers glued together. The fixed end then can be tapered
to reach the required dimension for distance between the fiber cores to match this
parameter with a specific multicore fiber. The second fanout type is based on a
photonic lantern - a glass block with optical waveguides inscribed using a focused
laser beam. A focused laser beam can locally modify (increase) the refractive index
of glass and create a continuous trace. This allows to organize waveguides inside a
glass block in such a way that it will match a multicore fiber design on one interface
(or fringe) and will comfortably distance them on the other interface (Figure 2.21b).

Figure 2.21: Fanout types. a) - Fiber bundle based fanout. b) - Photonic lantern based
fanout.

After inscribing the waveguides, a multicore fiber can be glued to the surface,
matching its design. Several single-core fibers are glued to the other surface to
connect each single-core fiber to a corresponding core of a multicore fiber. The
losses are typically lower in the fiber bundle since identical fiber can be used for
bundling. The crystal used for the photonic lantern typically has a higher refractive
index compared to the used fiber. Therefore, higher coupling losses are expected.

All in all, fanout is usually required for the operation with multicore fibers. Often
new fibers are optimized for the use with existing fanouts due to high price and the
complexity of manufacturing of new fanouts.

Channels management

The multicore fiber connected to a fanout is ready to be used as a sensor. There
are two regimes of core interrogation in this case. First is a simultaneous regime
allowing for few cores measurement at a time. For such simultaneous measure-
ment a multichannel interrogator is required. Multichannel interrogators used with
shape sensors based on multicore fibers can provide real-time shape measurement.
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The Micron Optics tunable laser interrogator as shown in Figure 2.22a, can be com-
bined with a multiplexer, allowing for interrogating of 16 channels, four at a time.
The OFDR reflectometer by 4DSP supports eight channels operating simultaneously
(Figure 2.16c).

In the sequential regime, a single channel at a time can be measured, and the
cores are interrogated in sequence. This way of interrogation does not require an
interrogator with multiple channels. A multicore fiber with a spliced fanout can be
connected to the interrogator via a fiber switch device (Figure 2.22c).

Figure 2.22: Devices optimized for multicore fiber connection. a) - Micron Optics tun-
able laser interrogator. b) - 4DSP multichannel OFDR. c) - Optical fiber switch with 8

fiber connectors.

Fiber switches can interconnect multiple input ports. One of the ports can be
connected to a conventional single-channel interrogator. Other ports can be used
by separate sensing fibers or a fanout. The configuration with the fanout allows for
interrogating cores of a multicore fiber one at a time. Therefore, the signal from a
specific core of a multicore fiber can be measured. After measurement for one core
is finished, the switch can connect to the following core for the measurement. This
concept can be used for applications where the interrogation frequency does not
play a significant role, and the calculation does not rely on differential readings of
the cores. Many demonstrations of shape sensors were done using single-channel
interrogators. This allows for reconstructing of curvature - the shape, stable during
a complete sequence of measurements.

The choice of the interrogation regime will depend on the dynamics of curvature
measurement. The scheme with a fiber switch and single channel interrogator can
be used for slow or discrete changes in shape. Typical fiber switch can operate with
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a frequency above 1 kHz but any changes in shape between the cores reconnection
will introduce measurement errors.

When dynamic measurement is required, a simultaneous cores interrogation is
preferable.
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Chapter 3

Angular properties characterization of
multicore fibers

In this chapter, the issue of detecting the angular orientation of multicore fibers is
studied. Angular orientation is an essential part of the accurate positioning of multi-
core fibers for many applications, such as shape sensing [162], optical fibers splicing
[153], orientation-dependent FBG inscription [67], and multicore fibers characteriza-
tion for a twist[163].

A method for multicore fibers orientation measurement via locating different
cores or other distinct elements in the cladding is described and demonstrated. A
scattering pattern of a fiber illuminated by a laser source is used for this structural
analysis.

The presented method can measure the orientation along a fiber sensor in a scan-
ning way and, thus, characterize it for the intrinsic twist. Intrinsic twist, as described
in Chapter 2, occurs naturally in cylindrical optical waveguides during fiber draw-
ing procedure and leads to inaccurate measurements, e.g., in torsion sensors [28,
164–167]. The intrinsic twist cannot be controlled unless a fiber has a preferable
bending plane [168, 169], therefore fiber characterization via continuous orientation
measurement during a fiber drawing process can also become an important appli-
cation for the method presented in this chapter.

3.1 Measurement concept

The analysis of electromagnetic radiation penetrated through tissue is used in X-
ray and tomography [170]. There, different kinds of tissue will be seen differently
due to the varying density and absorption of electromagnetic waves. Similar to
this, cores with differing refractive index and absorption ratio in a multicore optical
fiber will modify a light field propagating through the fiber and become visible in
the projection as a scattering pattern. This light field projection can be used as a
fingerprint for a particular fiber orientation, and its position along the optical axis.
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Therefore, this scattering pattern can be used for the recognition of specific fiber
orientation.

A scattering pattern of a fiber illuminated by a laser source was already used for a
birefringent optical fiber positioning [171]. Arkhipov et al. used laser light, scattered
on a fiber and projected onto a screen, and then photographed the projection. This
measurement method can be adapted here to multicore fibers and optimized in a
few ways.

3.1.1 Optical scheme

When a laser illuminates multicore fiber with a beam diameter exceeding the fiber
size, there are several sources that contribute to the light field propagating behind
the fiber. The most energetic source is the light that circumvented the fiber. There is
also light diffraction by the fiber, a focusing effect in the cladding, and the diffraction
by the cores.

An optical scheme was developed to collect the diverging pattern produced by
the illuminated fiber (Figure 3.1).

Figure 3.1: Optical scheme for scattering pattern projection onto a camera. Here colors
represent laser beam modification: violet - direct laser beam bypassing the fiber, red -

light scattered and refracted by the inner fiber structure.

In this optical arrangement, the scattering pattern is collected by an aspheric lens
with high NA (>0.75) and then filtered in a Keplerian telescope with a diaphragm
inside. This optical scheme allows to remove direct laser illumination (depicted in
violet in Figure 3.1) and partially filter light passing the fiber without scattering by
inner elements. The scattering pattern recorded by the camera array is essentially
the light highly diverging after passing through the fiber. It is interfering on a
camera array and forming a specific fingerprint of a particular fiber orientation by
the combination of bright and dark areas. This scattering pattern, in principle, can
be used for reconstruction of the structure of an object using complex algorithms
as often used in tomography [172–174]. However, structure reconstruction is an
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excessive task for a fiber angular orientation measurement, since the fiber cross-
section structure is already known.

3.1.2 Experimental setup

The setup consists of three sections: illumination, rotatable fiber clamps, and read-
out system (Figure 3.2a). The fiber illumination is performed with a blue semicon-
ductor laser (405 nm). The dark and bright areas on the camera (Figure 3.2b) are the
result of interference, thus using coherent laser light is essential.

The motorized fiber clamps can be controlled by a computer. The grooves in the
clamps are optimized for the coated fiber with a diameter of 250 µm.

The read-out system is represented by a camera and high-NA objective contain-
ing an optical scheme shown in Figure 3.1. The camera is synchronized with the
controller of the fiber rotators. The scattering patterns are recorded automatically
with specified steps for a given range of orientations, e.g., for one complete rotation.
This synchronization allows for collecting scattering patterns in a repeatable way.

Figure 3.2: Experimental setups and a single measured scattering pattern. a) - Rendered
model of a setup for scattering patterns recording during optical fiber rotation. b) - An

example of a single scattering pattern of a 7-core fiber registered on a camera.

For the purpose of the intrinsic twist or torsion measurement a similar setup
is used. To provide a scanning possibility, the fiber holders are placed on a linear
translation stage moving perpendicular to the laser axis (Figure 3.3).

The distance between the fiber and the read-out system is optimized for a fixed
value in a way that the light focused by the cladding in collimated by the high-NA
aspheric lens. Therefore, the same distance between the fiber and the objective must
be ensured in all positions of the moving platform.
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Figure 3.3: Setup schematic for a twist measurement along the fiber used in the experi-
ments.

3.1.3 Cross-correlation

For associating a particular scattering pattern that corresponds to a certain fiber
orientation with a set of reference patterns, a comparison based on Pearson’s corre-
lation coefficient ρj is used:

ρj(E,Rj) =
1

N− 1

N∑︂
i=1

(
Ei − µE

σE
)(
Ri,j − µRj

σRj

) (3.1)

Here, E is a measured one-dimensional scattering pattern (1D data array) with
elements Ei, where i indicates the pixel number. Rj with elements Ri,j is one of j

scattering patterns (measured or simulated) taken from a reference data set with
elements Ri,j, where i indicates the pixel or simulated detector element number and
where j corresponds to particular fiber orientation. The variables µE, µRj and σE,
σRj are the mean and standard deviations for the elements of data arrays E and Rj,
respectively. The parameter ρj allows for analyzing the cross-correlation between a
measured scattering pattern and the orientation-dependent reference patterns. The
maximum value of ρ is thus expected to indicate the orientation of the measured
fiber.

The angular orientation is determined by the scattering pattern from the refer-
ence with the highest Pearson coefficient, which is associated with a certain fiber
angle. The suggested method is sensitive to both the fiber orientation and its posi-
tion in respect to the objective. Nevertheless, a slight offset (about 10 µm) from the
rotation axis can be accepted, which was observed from applying the same setup
for slightly larger fibers that are not optimal for the fiber rotators.
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3.1.4 Alternative methods

There are few alternative methods available for structural analysis of optical fibers
and therefore, angular orientation, such as holography [175–179], lens effect tracing
[155] or end facet imaging. Nevertheless, the suggested method is preferable due
to universality and the ability to perform the measurement from aside, distant from
the end facet. Holography has excessive sensitivity, which may cause an inability
to associate holographic images because of the sensitivity of the fiber position re-
garding the objective or screen. In addition, a small deviation in fiber parameters
leads to errors and limits the applicability of the holographic method. The sug-
gested method has advantages in terms of tolerances. Lens effect tracing is used in
commercial optical fiber splicers offered for polarization-maintaining fibers, such as
Fujikura FSM 100P and Fujikura FSM 100P+. It can be applied to multicore opti-
cal fibers for finding a particular orientation for splicing. This method is limited to
fibers with only a few core elements due to the limited analysis capabilities.

3.2 Measurement for orientation and twist in various

complex fibers

Several different optical fibers were used for testing the method. All fibers were
manufactured at Leibniz Institute of Photonic Technology using the stack-and-draw
technique. Each of the tested fibers has a unique structure with multiple core ele-
ments (Figure 3.4).

Figure 3.4: Microscope images of the cross-sections of the tested optical fibers. Fiber A
- ribbon multicore fiber with nine cores in line and two flat sides. Fiber B - asymmetric
31-core fiber with a hexagonal cores arrangement. Fiber C - all-solid photonic bandgap
fiber, grid elements are in a hexagonal arrangement. Fiber D - multicore fiber with 127

cores in a hexagonal arrangement.

Fiber A used for the experiment has nine cores arranged in a line. Often, such
fibers are referred to as ‘ribbon’ fibers due to the polished sides. This is achieved by
polishing or cutting a typical cylindrical fiber preform. This fiber has a diameter of
125 µm between the curved edges. The fiber structure has a rotational symmetry of
180◦.
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Fiber B has 31 cores arranged in a hexagonal structure. This fiber has a diameter
of 125 µm and is asymmetric.

Fiber C is an all-solid photonic bandgap fiber with multiple elements of the grid
with different refractive indices. Grid elements are arranged in a hexagonal shape,
the fiber diameter is 125 µm, and it has a 60◦ of rotational symmetry.

Fiber D has 127 core elements in a hexagonal arrangement, 125 µm in diameter
and 60◦ of rotational symmetry.

3.2.1 Scattering patterns of the tested fibers

Complex optical fibers manufactured using the stack-and-draw method are often
designed with a hexagonal structure. Since the scattering pattern used for the struc-
tural analysis is composed of multiple scattering and focusing effects, it would be
expected that a more complex fiber structure produces a scattering pattern with
more details. All fibers have the same outer diameter of 125 µm (in the case of fiber
A the outer diameter is the longest distance between curved sides) and identical
focusing lengths of the cladding. Thus, the distance from fiber to the objective was
the same in all experiments.

Each fiber was installed in fiber clamps in a random unknown orientation. The
scattering pattern was recorded for one complete rotation with a step of 0.3◦. Scat-
tering patterns of fibers A, B, C, and D are shown in Figure 3.5).

As expected, the recorded scattering patterns have symmetries corresponding to
the measured fiber structure. The scattering patterns of fiber A have areas with low
scattering intensities (indicated in white color). This can be explained by the light
field propagating through the polished sides of fiber A without refraction, nearly
parallel to the laser axis. Therefore, the light, which was not scattered by the core
elements, has been filtered by the iris diaphragm in the Keplerian telescope. In the
scattering patterns of the fibers B, C, and D, distinct bright spots can be seen. These
spots appear with a periodicity of 60◦ and correspond to the positions where the
cores of the fiber structure line up parallel to the axis of the incident laser beam.

3.2.2 Orientation measurement based on cross-correlation

Orientation recognition based on cross-correlation of a scattering pattern was ap-
plied to the tested fibers. For this, the coefficient of correlation between one scatter-
ing pattern and a reference was measured.

For the reference collection, each fiber was installed in the measurement setup
rotated for 720◦ with a step of 0.3◦. Then one pattern of the set was selected as
an experimental measurement. For each fiber, a scattering pattern recorded at the
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Figure 3.5: Scattering patterns of the tested optical fibers recorded for one complete
rotation.

illumination angle of 100◦ was chosen as an experimental pattern E with a number of
elements of i (see Equation 3.1). Since the fibers were installed in a random starting
position, the chosen angle represents a random pattern selection. For the reference
pattern R, one of the 2400 patterns was used consequently for the calculation of
the correlation coefficient ρj. The correlation coefficient was plotted against the
corresponding orientation for fibers A, B, C, and D in Figure 3.6.
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Figure 3.6: Cross-correlation ρj calculation applied to the tested fibers. The upper line is
the correlation coefficient of a pattern extracted at the orientation position of 100 degrees
(red bar) and two complete rotations. The blue bar corresponds to the same position
after one complete turn. Colored insets show the 3°-width region of the highest values
in detail. Correlation coefficient peaks correspond to the symmetric positions of the

fibers (red triangles).
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As seen from the Pearson’s coefficient plotted against the angle, the highest value
is achieved for auto-correlation at 100 degrees. The second highest value was at the
region of 460 degrees, which is the exact orientation of the fiber after one complete
rotation. Multiple maxima of the correlation coefficient plot indicate the symmetric
orientations. However, the symmetric orientations still have lower contrast which a
few factors can explain. The first factor is the uniqueness of a particular fiber orien-
tation. Despite being similar visually, the cores are slightly deformed and misplaced
during the fiber manufacturing process. This is sufficient to reduce the similarity be-
tween the scattering patterns of two symmetrical orientations. The second factor is
the distance between the fiber and the objective. It can vary during the rotation due
to the shifted center of rotation. This can happen because the coated fiber thickness
is slightly offset from the optimal diameter for the used fiber clamps.

The contrast of Pearson’s coefficient also depends on the fiber structure and de-
tails present in the scattering pattern. This is visible for the case of fiber A and C.
Lower contrast in the case of fiber B is explained by the similarity of the scattering
patterns in the false-symmetry orientations. This leads to a stronger correlation with
similar scattering patterns and reduced contrast overall. Fibers C and D, on the con-
trary, have very detailed scattering patterns and, thus, good contrast of Pearson’s
coefficient.

3.2.3 Using simulated reference pattern stacks

For applications where the reference patterns cannot be measured experimentally,
e.g., as the fiber drawing process, there is an interest in obtaining the reference us-
ing optical simulations. Lumerical FDTD (finite-difference time-domain) simulation
software was used to replicate the reference pattern measurement. The simulation
was made for a simplified model without considering possible differences in a core-
to-center distance and the deformation of the core. The actual seven-core fiber and
its model can be seen in Figure 3.7.

The simulation was performed for a range of 60◦ with a step size of 1◦. The
experimental reference patterns were recorded for 720◦ with a rotation step size of
0.3◦. Then the obtained references were cropped to match the simulated reference
patterns for visual comparison of the patterns (Figure 3.8 a and b). Also, to check
the capabilities of the correlation coefficient-based measurement, seven-core fiber
scattering patterns’ were recorded without removing the coating for two rotations
and a step size of 0.3◦ and cropped accordingly (Figure 3.8c).

The experimental reference pattern stack is visually similar to the simulated pat-
terns. The main difference in Figure 3.8a and b stems from the central region where
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Figure 3.7: Comparison of the tested seven-core fiber and of its’ simulated model. a) -
Cross-section of a seven-core fiber, b) - Model of a seven-core fiber used for the simula-

tion.

Figure 3.8: Simulated and experimental scattering pattern stacks for a seven-core fiber.
a) - FDTD simulation of scattering patterns of a simplified model of a seven-core fiber, b)
- Experimental scattering pattern of a seven-core fiber without coating, c) - Experimental

scattering pattern of a coated optical fiber.

the image is saturated for the experimental results and still has details for the simu-
lation results. This comes from a wider dynamic range of the detector in the simu-
lation software while the camera in experimental patterns demonstrates saturation
in the central region. There are also some artifacts in the experimental stacks, which
presumably come from the dust particles or minor scratches on the surface of the
uncoated fiber and from coating eccentricity and non-uniformity of the fiber in a
coating. The optical properties of fiber coatings are usually not considered, hence,
the applicability of the orientation measurement method might be limited for such
coated fibers.

To verify the possibility of using a simulated reference pattern for the orientation
measurement of an actual fiber, the cross-correlation of a scattering pattern from the
simulation stack and two actual experimental stacks was performed for an uncoated
fiber and for a fiber in a coating as shown in Figure 3.9.

The contrast of the correlation coefficient, defined as the difference between the
minimum and maximum values, is lower for the simulated patterns than for the
actual fiber (see, e.g., Figures 3.6 and 3.9 for comparison). However, the Pearson’s
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Figure 3.9: Scattering pattern from a simulation correlated to experimental results: a) -
correlation coefficient of simulation with an uncoated fiber, b) - correlation coefficient of

simulation with a fiber in a coating

coefficient peaks indicate the correct angular orientations using the scattering pat-
terns obtained from the simulation. Hence, the described method can also be used
with a simulated reference to measure optical fibers angular orientation. The flex-
ibility of the method can also be seen in the correlation coefficient measurement
results applied to the scattering patterns of a fiber in a coating. Despite the modi-
fication of the original scattering pattern by the coating, the method identified the
scattering patterns corresponding to the orientation of the simulated fiber.

3.2.4 Optical fiber twist measurement

Twist is an important parameter for multicore optical fibers [180–182]. There are two
types of twist that can be found in multicore optical fibers. The first is the designed
twist - the intentional twist imprinted in a multicore fiber to achieve a helical shape
of cores. As described in Chapter 2, this can be beneficial for shape sensors. The
designed twist enables direction-sensitive torsion measurement.

The second type of twist is unintentional, often called ‘intrinsic’ - the twist oc-
curring naturally during the fiber production process due to axial fiber rotation on a
cylindrical capstan. A typical designed twist in shape sensors has a period of about
2 cm and is considerably stronger than naturally occurring twist.

However, the presence of designed twist does not exclude the intrinsic twist. In
this case, the intrinsic twist locally modifies the designed twist period, which results
in a changing twist period over the fiber length. Hence, the measurement of twist
would be beneficial for all multicore fibers.

The orientation measurement continuously applied to a fiber allows for measur-
ing the change of the cores position in the cladding. For the demonstration of the
presented method applied to a twist measurement, a seven-core fiber was used. To
perform a twist detection and measurement, the orientation measurement setup was
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moved along the fiber axis. The distance between the clamps was 99 mm. The scan
was performed on a 50 mm piece of this length with a step size of 0.1 mm. The
fiber used for the tests has no designed twist. Therefore, different external twists
were applied to detect the change of the cores position in the fiber. The fiber was
measured first in a relaxed condition and then twisted by a fiber rotator on one side
for 1, 3, 10, 30, 60, 90, and 180 degrees, respectively. The coating was removed to
ensure that the twist was transferred to the fiber, and the fiber was glued to the
clamps. The stack of scattering patterns for the different forced twists is shown in
Figure 3.10.

Figure 3.10: Scattering patterns of a seven-core fiber measured over 50 mm length
of measurement. Applied external twist is indicated in the top right corner of each

scattering pattern stack.

The stack of scattering patterns for an untwisted fiber should be composed of
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identical patterns. Therefore, parallel lines should be seen in the stack formed by
dark and bright areas. However, for the experiment with a relaxed fiber, curved
lines can be seen. This indicated the presence of a twist in a relaxed fiber. This
means that the tested piece of a seven-core fiber has an intrinsic twist. The curved
lines in the stack straighten with an external twist applied to the fiber. At the angle
of 10◦, only a limited central part of the stack remains slightly curved. This means
that at this condition, the cores were straightened, and the intrinsic twist was com-
pensated by the externally applied twist. This also indicates that the intrinsic twist
is counter-directed to the externally applied twist. After applying the external twist
of 30◦, the lines become curved again. The curvature reached its maximum for these
measurements at the value of twist of 180◦ (half a rotation).

The orientation measurement based on the correlation coefficient calculation was
applied to the experiment. The maxima of correlation coefficients were plotted,
which allows for measuring the change of the fiber angular orientation depending
on the fiber position. The results are shown in Figure 3.11.

Figure 3.11: Twist measured in a seven-core fiber a relaxed condition and with an exter-
nal twist applied. Non-uniformity of the fiber orientation along the length is confirmed
by multiple measurements. The intrinsic twist is present in a relaxed fiber. The intrinsic

twist is counter-directed to applied external twist.

Notably, the fiber in the relaxed condition shows an intrinsic twist of more than
5 degrees on the length of 50 mm. Twist distribution on the measured length of
fiber is distributed non-uniformly and even changes direction. The intrinsic twist
was counter-directed to the externally applied twist. The intrinsic twist is partially
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compensated by an applied twist of about 10°/99 mm, but due to complex distri-
bution between 10 and 50 mm cannot be eliminated completely by the externally
applied torsion. Overall, the measured intrinsic twist agrees in all measurements
performed.

This experiment shows that the intrinsic twist appears in fibers with no designed
twist. This orientation measurement presented in this chapter is applicable to a twist
measurement in complex fibers.

3.3 Summary

The method of the structural analysis of transparent objects based on the illumina-
tion projection can be found in various fields. It is also widely used in optics. In
this chapter, a method for angular orientations measurement of optical fibers with
multiple elements in the cladding was demonstrated. The orientation measurement
system allows recording the scattering patterns for multiple angular orientations
and finding the orientation angle by measuring the correlation coefficient with an
experimental or simulated reference scattering pattern. The method was verified for
several complex fibers, such as seven-core fiber, ribbon multicore fiber, all-solid pho-
tonic crystal fiber, and a multicore fiber with an asymmetric structure. The fibers
with more structural elements have scattering patterns with more details, being po-
tentially beneficial for more accurate orientation measurement. When used in a
scanning manner on a piece of fiber, the intrinsic twist present in a scanned fiber
piece can also be measured. Since it is challenging to avoid an intrinsic twist during
the fiber drawing process, the intrinsic twist measurement can help to compensate
for the twist. The twist measurement can improve the performance of shape sensors
based on multicore fibers.
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Chapter 4

Optimizing FBG inscription in
multicore fibers

It is well known that FBG inscription in multicore fiber is more complex than an
inscription in conventional single-mode single-core fiber [183, 184]. The reflectivity
difference of FBGs simultaneously inscribed in identical cores of a multicore fiber
will mainly depend on the laser-induced refractive index modulation depth ∆nmod

as can be seen in Equation 4.1 (from Equations 2.10 and 2.11):

R = tanh2(
π∆nmodηL

λB
) (4.1)

The refractive index modulation depth, in turn, depends on the laser light dis-
tribution in the fiber. Laser light enters the fiber and gets focused by the cylindrical
cladding, which can be further shaded, scattered, and focused by multiple fiber
cores. Therefore, as shown in Figure 4.1, e.g., cores A and B will have different illu-
mination conditions. When the multicore fiber is illuminated for an FBG inscription,
it is expected that gratings in the cores A and B will give different reflectivity.

Figure 4.1: Model of a cross section of a seven-core fiber with propagating illumination
beam. Light propagation from left to right side. Cores A and B have different illumina-

tion conditions.

Consistently low reflectivity gratings in the core A and consistently high reflec-
tivity gratings in the core B can be interrogated appropriately via adjustment of the
sensitivity in the core. However, for the consistency of the reflectivity of gratings in
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a multicore fiber, the illumination conditions should not change during the inscrip-
tion of a complete array. The stability of the illumination conditions often cannot be
ensured.

In the case when the gratings are inscribed during the fiber drawing process, the
fiber orientation regarding the laser beam cannot be fixed due to the intrinsic twist
often found in the cylindrical waveguides, as discussed in Chapter 3. This intrinsic
twist leads to a fiber rotation during the drawing process and during the inscription
of the grating arrays. Such fiber rotation from one inscribed grating to another will
cause the relocation of the cores and will subject the cores to a varying illumination
intensity. The twist might be eliminated if a fiber with a preferential bending plane
is used.

In the case when the array of gratings is inscribed on an optical table, the con-
sistent orientation of the fiber is still challenging. First, an orientation measurement
must be used for consistently installing the fiber in the same specific orientation.
Second, in the case of a seven-core fiber, similar to the shown in Figure 4.1, the
orientation can be detected only with a limitation of the fiber symmetry. It is often
impossible to distinguish the orientations of, e.g., 0◦ and 180◦. For the case shown
in Figure 4.1, this will mean the reversed reflectivity of the gratings inscribed in the
cores A and B within a single FBG array. So the fiber with an asymmetric structure
would be required for an orientation tracking, e.g., fiber with a marking element,
such as a hole.

The problem of uneven illumination conditions may be approached by increased
laser illumination for FBG inscription. At a certain illumination level, saturation
for photosensitivity is reached for some cores and further increase in illumination
is not followed by higher reflectivity, e.g., in the cores located in the focused-light
areas. The cores that are not in saturation, then might experience stronger gratings
inscription.

However, cores that are subject to higher illumination conditions can experience
inscription of gratings with broader reflection peaks. This solution is not optimal
since a large difference in spectral width is not desirable. For heavily germanium
doped fibers (above 15 mol%), strong illumination conditions introduce a risk of
type II FBG formation. Such type II gratings are created by multiple localized melt-
ing centers as a result of the thermal outcome of the strong absorption process [185–
189]. Type II FBGs have an identical period to the type I FBGs and, thus, identical
central wavelength but typically they are several times broader (can reach 1 nm in
grating bandwidth) and stronger in reflectivity (can reach 100% in a single-pulse
inscription). The type II grating formation leads to a significant degradation of me-
chanical properties of an optical fiber and is not desirable for strain-based sensors.
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Now we consider the solutions for interrogation of non-uniformly reflecting grat-
ings in a single core. A spectrometer-based peak-tracking FBG interrogator typically
does not register the spectral shape of each reflection peak. Instead, it estimates the
center of mass of the reflection peak measured by a few pixels. It performs best
with arrays of gratings with comparable amplitude and bandwidth. Commercial
FBG interrogators based on tunable lasers also utilize peak recognition techniques
requiring arrays of gratings with similar reflectivities. A combination of low reflec-
tivity and high reflectivity FBGs requires lowered detection line level for the peaks
in the spectral domain, which can lead to misinterpreting the measured spectrum
as shown in Figure 4.2.

Figure 4.2: Peak tracking algorithm failure examples.

The problem of differently reflecting gratings could generally be solved by us-
ing special devices that use adaptive peak fitting algorithms. However, the special
peak shape fitting algorithms are computationally demanding and not applicable to
a high frequency measurements [190]. However, equal reflectivity Bragg gratings
across multicore optical fiber are highly desirable [191].

There is no simple solution for achieving uniform Bragg gratings across the mul-
ticore fiber. Nevertheless, the difference of the achieved gratings must be studied
for all laser illumination conditions, i.e., illumination orientations.

To optimize the procedure of inscribing FBGs and possibly adapt the fiber design,
and select better illumination angles, it is required to study FBG inscription with
different illumination conditions.

4.1 Ray tracing simulation of multicore fiber illumina-

tion

To evaluate the illumination difference occurring in a multicore fiber (seven-core
fiber in our case, previously shown in Figure 3.7a in Chapter 3), it is possible to
run a ray-tracing optical simulation to model a fiber illumination during an FBG
inscription process. Despite the indirect transition of illumination intensity to the
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FBG reflectivity, a comparative study can give an understanding of the best orien-
tation for gratings uniformity. In our ray-tracing model, the absorption in the cores
is not included due to the inability to estimate the UV light absorption in germania
fibers accurately. In the literature, there are only few studies published, often with
contradicting results [192–194]. Also, the reflectivity of the grating highly depends
on multiple geometrical parameters affected in the fabrication process.

The graph shown in Figure 4.3)a, indicates only the intensity of light present in
a single core of a multicore fiber, offset from the center for 36.5 µm. Depending on
the fiber angular orientation, this core is illuminated with different intensity, which
reaches maximum values at around 177◦ and 183◦ (marked by arrows in Figure
4.3b).

Figure 4.3: Intensity variation with orientation angle in an offset core in a multicore
optical fiber illuminated by a UV light source presented in polar coordinates (a), and
linear coordinates (b). Arrows indicate the maximum intensity values at 177◦ and 183◦.

The cladding of the multicore fiber behaves like a cylindrical lens with a focal
axis on a short distance behind the fiber. This leads to an increased illumination
intensity at the backside of the cladding. The illumination intensity experienced by
a core depending on the location can differ twice. Considering the distribution of
the cores in a seven-core fiber, part of the cores will be subject to light exposure
beyond saturation levels (here, the saturation level is defined as light intensity level
beyond which the increase in the intensity will not contribute to a higher grating
reflectivity).

In addition to the focusing effect in the cladding, diffraction on the edges of
the core and focusing effects in the cores contribute to the complexity of the FBGs
inscription condition. Angles of the maximum intensity and the angle in between
are shown in the ray-tracing model in Figure 4.4.
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Figure 4.4: Simulation results of multicore fiber illumination by UV lightsource.

To present the illumination intensity in different cores simultaneously, the plot
in polar coordinates can be transferred to linear coordinates and replicated six times
with an angular shift of 60◦ (Figure 4.5a).

Figure 4.5: Light intensity in different cores of seven-core fiber over full rotation with
identified bad and optimal ranges for FBG inscription. The region considered for the

experiments later in Section 4.2, is marked between the dashed lines.

As can be seen, there are two states of illumination for the outer cores corre-
sponding to the cores location. Lower level indicates the intensity values in the
cores located on the fiber exposure side. Higher level corresponds to intensities ex-
perienced by the cores on the back side of the fiber where the focusing effects elevate
the illumination intensity.

From the simulation results, ranges of illumination angles can be sorted into two
groups. Optimal range of about 44◦ has similar illumination intensity of 0.5− 0.6a.u.
for 4 out of 6 outer cores. The center of this preferable range of angles for FBG
inscription is located at around 150◦ and iss repeated every 60◦, according to the
fiber symmetry. The ‘bad’ range of angles has elevated illumination conditions for
three outer cores with its’ center located at around 180◦ repeated every 60◦. In the
‘bad’ regions, there are an especially bad angles presen, e.g., 177◦, where one of the
cores is located in the part of the fiber where it is subject to a complex combination
of focused and diffracted light. To study the transformation of the illumination into
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the final FBG reflectivity, experiments were carried for a simulated seven core fiber
in the range of angles of 30◦, indicated between the dashed lined in Figure 4.5b.

4.2 Experimental setup for FBG inscription

The task of the study is to inscribe Bragg gratings with different illumination angles,
to measure the reflectivities for all cores, and to compare the results for different
illumination angles with the simulation results. To be able to install the multicore
fiber with the required orientation towards the laser beam, the setup described in
Chapter 3 was used. One end of the fiber was installed in the rotatable clamps, and
a camera measured its orientation with the high-NA objective. The other end was
spliced to a fanout to measure the cores individually. The fanout was connected to
a spectrum analyzer through a fiber switch, allowing for sequential measurement of
the reflection spectrum of each core. The complete setup can be seen in Figure 4.6.

Figure 4.6: Scheme of FBG inscription setup with multicore angular positioning bench
included.

For measuring the absolute reflectivity of the gratings in the cores, the reflected
signal by a single grating in the core was normalized to the Fresnel reflection from
the cleaved end of the fiber. Since the ratio of light reflected from a normal surface
is known, and this reflection is subject to all other losses at fiber connections, the
reflectivity of each single grating can be calculated relative to the incident light.

Bragg gratings were inscribed in a seven-core fiber with an angular shift of 3◦ -
from 150◦ to 180◦ (Figure 4.7a). The seven-core fiber has a symmetry of 60◦. There
is also an additional reflection symmetry of 30◦. Therefore, it is sufficient to analyze
a 30◦ range.

The fiber orientation was ensured using the images (scattering patterns) from
the orientation measurement setup. The angular position of 150◦ has a recognizable
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Figure 4.7: a) - The range of angles used in the experiment. b) - Scattering patterns
measured at 149◦, 150◦ and 151◦. b) - The procedure for installing the fiber to the

required angular orientation.

symmetric pattern, as shown in Figure 4.7b. Depending on the proximity to the
150◦ position, features marked with arrows in Figure 4.7b appear or fade. When this
desired pattern is found, the fiber can be rotated to the required orientation (Figure
4.7c). The angle installation using this technique has an accuracy of about 0.3-0.6
degrees. All gratings were inscribed by a single pulse of a KrF excimer laser with
an energy density of about 200mJ/cm2. The length of each grating is 5 mm. The
spectra of the gratings were measured with a delay of a minute after inscription. This
allows to wait for the rapid decay in reflectivity following the inscription process.
This waiting period permits the grating to stabilize in reflectivity and to avoid that
the relaxation affects the interrogation of the gratings in different cores, which is
done sequentially.

4.3 Results and discussion

Fiber Bragg gratings were measured in all cores, normalized to the Fresnel reflection,
and then were normalized to the strongest grating achieved in the same inscription
process. This was done to neglect the effect of pulse energy variation, common
in excimer lasers, and to compare directly the orientation from the perspective of
grating uniformity or equality. The results for the optimal inscription range of angles
are shown in Figure 4.8.

In the range which is assumed to be preferable for FBG inscription, the best result
achieved between the weakest and the strongest grating was about 30 %. The angles
of 153◦, 159◦ and 162◦ showed the least variation in gratings reflectivity within the
cross-section of a fiber. For the other angles, the difference was considerably higher,
reaching more than 60% for the angles of 150◦, 165◦, 168◦ and 174◦.

Two gratings were inscribed in a presumably ‘bad’ orientation for the FBG in-
scription. The angle of 177◦ presents an extreme case of the orientations endangering
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Figure 4.8: Results of FBGs inscription in a multicore fiber within an optimal illumina-
tion range of angles. Dashed horizontal lines indicate the individual gratings reflectivity

level.

a complete array of gratings in the core. Incidence angle of 177◦ , as shown in Fig-
ure 4.4a, led to the FBG type II formation in the core (Figure 4.9a), which drastically
reduces mechanical properties of the core and complete fiber. This type II FBG (de-
picted in the violet curve) has amplitude and bandwidth multiple times larger than
type I FBG. The experiment for the FBG inscription with an incidence angle of 177◦

was repeated, and led to the core damage as an extreme case of type II FBG for-
mation. This unwanted effect is caused by a combination of strong focusing in the
cladding and the diffraction from other cores projected to one single core. Such type
II grating formation, as well as the destruction of a core, might occur in the region at
illumination angles of 177◦, 183◦ and others according to the fiber symmetry. These
illumination angles should not be used for FBG inscription. When the ‘bad angles’
cannot be avoided, the illumination density must be reduced below the FBG type II
formation level, to eliminate unwanted effects caused by such strong, focused laser
beam exposure.

The orientation of (180◦, shown in 4.4b), does not stand out of other inscription
sessions (Figure 4.9b). The laser light is focused in the first and central cores but also
strongly absorbed in these photosensitive cores, which is compensated for strong
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Figure 4.9: Reflection spectra of FBG inscribed in ‘bad’ range of orientations of multicore
fiber. a) - Spectrum of gratings inscribed at 177◦, b) - Spectrum of gratings inscribed at

180◦.

focusing effects for the third core. However, this orientation is located in a narrow
range between the unwanted illumination angles and cannot be recommended for
FBG inscription.

The reflectivity distribution from the experimental results can be extended to
a complete rotation of 360◦ due to the symmetry of the fiber design. Now, this
reflectivity distribution can be compared to the intensity distribution achieved from
the ray-tracing simulation. The agreement of simulation and the experimental result
is shown in Figure 4.10).

Figure 4.10: Experimental results of FBGs reflectivity are shown in circles and over-
lapped with the simulation results of intensity in different cores of multicore fiber shown

in lines. Different colors represent different cores of the multicore optical fiber.

Generally there are two distinct levels that are visible for the experimental re-
sults. The points representing the gratings reflectivities follow the curves of the il-
lumination intensities present in the cores obtained from the ray-tracing simulation.
However, there are some gratings with reflectivities positioned outside the simula-
tion lines. These cases can be explained by the complexity of the real experiment
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compared to the simulation, e.g., the effects induced by absorption and diffraction
in the cores.

4.4 Summary

In this chapter, a study of the FBG reflectivity depending on the illumination angle
was presented. Multicore fibers will suffer from uneven illumination of the cores
during the FBG inscription process. This will lead to the gratings with different
reflectivities across fiber. Methods based on compensating the focusing effect of the
cladding [183], or adjusting the photosensitivity of cores according to the illumi-
nation conditions [191] are often inapplicable for specific FBG inscription methods.
Grating inscription performed on an optical table allows for rotating the fiber into
a desired position. For the tested design of a seven-core fiber, the smallest reflec-
tivity range for the different cores in the fiber was about 30%. However, there is
no perfect orientation providing gratings with identical reflectivity. Nevertheless,
using the measurement of the illumination angle would allow for avoiding critical
orientations leading to a type II FBG formation or to local core destruction. Better
results of FBGs reflectivity uniformity can be achieved through rearrangement of
the cores in the cladding. One of such alternative arrangements is the eight core
fiber described in Chapter 7.
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Chapter 5

Multicore fibers calibration for
curvature sensing

As discussed in Chapter 2, shape measurement is based on the interpretation of the
strain along the fiber length as a combination of curvature, twist, and longitudinal
strain effect. In the case of medical applications, of great importance is not only
the general object shape but also the tracking of the sensor tip coordinates, which is
sensible to the accumulated shape measurement error along the full sensor length.
The reduction of these errors, based on applying different interpolation techniques
for shape reconstruction using quasi-distributed sensors, has been shown in the lit-
erature [195–197]. In this chapter, in order to limit the effect of error propagation, a
series of factors were examined. These include sensor geometry, photo-elastic coeffi-
cient, Bragg wavelength reference, and presence of twist that influence the accuracy
in curvature sensing. A methodology for shape sensor calibration and characteri-
zation is presented with the results of an experimental study using multicore fibers
with FBGs inscribed by an interferometric technique [198].

5.1 Shape sensor calibration in steps

Optical shape sensing with FBGs in multicore optical fibers relies on the measure-
ment of the strain distribution across the fiber cross-sections, caused by a combi-
nation of elongation or compression, bend, and torsion (Figure 5.1). The approach
of shape reconstruction determines the curvature along the sensing fiber based on
strain measurements and calculates the shape through curvature interpolation and
integration.

The strain distribution along a multicore fiber depends on the type of deforma-
tion that each cross-section is subjected to. Stretching generates a uniform increase
in strain throughout the cross-section of the fiber. Torsion has no effect on the cen-
ter of the fiber and reaches maximum strain on the fiber edges. Therefore, only
outer cores are experiencing strain. Bending introduces a gradient of strain over the
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Figure 5.1: Strain distribution in stretched (a), twisted (b) and bent (c) multicore optical
fiber.

cross-section with no strain on the neutral axis, perpendicular to the bend direction
(Figure 5.2). Reconstructing this strain gradient in a multicore fiber and discrimi-
nating it from other types of deformation, using information from a combination of
measurement points, is the main task of curvature and direction measurement along
the sensing fiber length. The combination of reconstructed curvature values and cur-
vature direction parameters allows performing a general shape measurement.

The local curvature κ of a bent multicore fiber, defined as the inverse local bend-
ing radius R, can be described mathematically at a certain position along the fiber
as in Equation (2.6) , previously shown in Chapter 2:

κ =
2 ×

√︃(︂∑︁N
i=1

ϵi
ri

cos θi
)︂2

+
(︂∑︁N

i=1
ϵi
ri

sin θi

)︂2

N
(5.1)

Here, ϵi and ri are the curvature-caused strains measured in the single core i

and the distance from the core i to the center of the fiber, N is the number of cores
used for curvature calculation; θi is the angle between one of axes of the coordinate
system, which can be associated with core 1 relative to core i (Figure 5.2). For each
grating of the longitudinal array, the curvature is an averaged value calculated by
using the measured strain of N cores in the transversal FBG array. Therefore, the
correct and efficient strain measurement in each core affects the overall curvature
calculation.

With the calculated curvature, the local neutral axis of the bending and an angu-
lar distance to the neutral axis can be defined for each core. We can then calculate
the bending angle θbend between the neutral axis and the coordinate system associ-
ated with one of the cores, using strain information in the core nearest to the neutral
axis:

θbend = arcsin
(︃

ϵi
riκ

)︃
− θi (5.2)
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Figure 5.2: Schematic of a bent multicore fiber (a) with core orientations and radial
distances and strains indicated for two cores (b).

Knowledge about the local curvatures and the bending orientation then allows
reconstruction of the continuous shape along the fiber through interpolation meth-
ods.

Shape measurement using arrays of FBGs as a quasi-distributed sensor requires
knowledge of several parameters, such as the the fiber geometry, the gratings loca-
tion, photo-elastic coefficient. Strain measurement based on FBGs is a method of
measuring a fiber core elongation via a shift of the reflection peak wavelength for
an inscribed FBG. For each core i, there is a relation between the local strain ϵ and
the measurable wavelength shift ∆λB of the FBG reflection peak:

ϵ =
λm − λB

λB (1 − ρe)
(5.3)

with λB and λm being the initial and the measured strained wavelength peak po-
sition, respectively, and ρe being the photo-elastic coefficient that has to be measured
once for a specific fiber. Local strain ϵ is generally defined by a relative elongation
ϵ = ∆L/L.

Therefore, for reconstructing a specific curvature, the wavelengths of Bragg re-
flection peaks λm for each grating have to be measured, and a number of other pa-
rameters such as θi, ri, λB, ρe have to be known from characterization or calibration
measurements [199]. Some of these parameters can be measured directly, and oth-
ers are derived indirectly by a calibration procedure. In the following sections, the
procedures for determining these parameters will be discussed. The improvements
in curvature measurement accuracy will be demonstrated for a test object. Since the
general curvature reconstruction is based on differential measurements, the exact
knowledge of these parameters is of great interest in order to limit possible error
accumulation along the length of the fiber sensor.
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5.1.1 Fiber geometry

Several multicore fibers have been reported in the literature for application in shape
sensing [200]. Using each particular fiber for shape sensing requires knowledge
about its geometry – such as the number of cores N, the information about cores
location described via core-to-center distance ri, and the angle θi. This information
can be obtained from a datasheet or a microscope cross-section image. A previously
used in Chapter 3 seven-core fiber was used for this study. The geometrical param-
eters were derived from a microscopic image shown in the Figure 5.3. This fiber has
enhanced photosensitivity and low cross-talk between the cores due to a high GeO2

concentration (above 20 mol%) in the cores.

Figure 5.3: Microscope image of an experimental seven-core fiber, with geometrical
parameters.

Besides the specific values of the core-to-center distances (also called core spac-
ing), the knowledge of relative variations (the ratio of core distance relative to the
average distance) would be an essential parameter for the reconstruction algorithm.
In our case, the core-to-center distances for the position shown are in a range of
36.24 µm to 36.78 µm. Due to only minor variation, often, one single averaged value
of the core-to-center distance is used for the reconstruction. However, a variation of
such core-to-center distances may also occur along the fiber as discussed in section
5.1.2. Three outer cores and a central core were used for the experimental study
of the calibration procedure. As discussed in Chapter 2, four cores are sufficient
for a shape measurement. In case of the shown seven-core fiber, other cores are ar-
ranged with a mirrored symmetry and, therefore, will not increase the measurement
accuracy.
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5.1.2 Photo-elastic coefficient

The photo-elastic coefficient (ρe) describes the strength of the change of optical prop-
erties of the material under mechanical deformation. As applied to an optical fiber,
this parameter defines the effective refractive index change in response to a physical
fiber deformation. For such a case, a single characterization or calibration mea-
surement of a single measured photo-elastic coefficient ρm (e.g., in the central core)
would be sufficient to determine this parameter. However, it has to be considered
that the multicore fiber manufacturing process might introduce individual modifi-
cations of the different fiber cores and variations of the structural parameters, e.g.,
fiber and core diameters or material/doping distributions. Such variations can be
considered as an additional correction factor αi, measured experimentally during
a calibration procedure, which would have to be included in the curvature calcu-
lation algorithm (Equation (5.4)). In the case of strain gauges based on FBGs, this
coefficient also defines the shift of reflection peak wavelength.

∆λB = λB (1 − ρmαi) ϵ (5.4)

A setup that can stretch the fiber and associate the elongation with the peak
wavelength shift is shown in Figure 5.4.

Figure 5.4: Setup for photo-elastic (ρe) and correction coefficient (αi) measurement.
Peak wl - peak wavelength.

The photo-elastic coefficient ρe and correction coefficients αi are responsible for
an adequate conversion of the measured wavelength shift data into strain, which is
later used for curvature calculation. In order to measure the variation of the photo-
elastic coefficients in different cores and along the fiber, the fiber was pulled to track
the wavelength shift of the FBG in the array in the central and three outer cores of
the fiber. The measured wavelength shifts in the cores are shown in Figure 5.5.

As can be seen from Figure 5.5, a peak wavelength shift difference of 9 pm on
average was detected for the fiber cores. This will define αi coefficients in the range
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Figure 5.5: Wavelength shift in an array of FBGs in the stretched fiber.

of 0.9819 to 1.0054. Moreover, the shift is growing over the sensor length for each
core by about 27 pm. This means that the stretched fiber has a non-uniform strain
along the sensing length due to a varying fiber diameter, which can be measured
and compensated via correction factors γj (0.9913 to 1.0125), interpreted as a change
of the fiber diameter for each FBG of the longitudinal array and, hence, the core-to-
center distance ri. The final equation used for the curvature calculation in the j-th
grating via the strain measured in N cores and considering the correction factors is:

κj =
2 ×

√︃(︂∑︁N
i=1

ϵi,j
riγj

cos θi
)︂2

+
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5.1.3 Initial fiber Bragg gratings reflection peak wavelengths

For the measurement of wavelength shifts, the knowledge of the exact starting con-
ditions is mandatory. In general, the measurement of initial reflection peak cen-
ters is a standard procedure. For high accuracy, it should be considered that this
measurement would be temperature-sensitive and that any additional strain due to
bend, twist, or axial load during the characterization procedure should be avoided.
Clamping optical fibers on both sides can cause twist and bend in the fiber. It is also
difficult to set the fiber in a straight condition horizontally without strong stretching
due to the gravity effect on the fiber. Therefore, a setup with the fiber clamped on
one side is favorable. (Figure 5.6). The fiber is suspended vertically in this case and,
to straighten the fiber, a load of a few grams can be fixed at the end of the fiber. This
load leads to a wavelength shift of the reflection peaks from the initial position in a
small range but ensures to avoid the strain hysteresis caused by the coating. How-
ever, the effect of the additional negative strain during calibration can be considered
and corrected later in the measurement data processing.
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Figure 5.6: Setup for initial FBG reflection peak wavelength measurement.

This method with an additional load helps the fiber to take its natural shape and
prevents any additional torsion and curvature.

The spectra shown in Figure 5.7 were measured for gratings simultaneously
recorded by a single laser pulse in seven cores of a multicore fiber without specific
orientation consideration. Reflectivity measurements were performed using Fresnel
reflection from the cleaved fiber end facet as a reference.

Figure 5.7: Spectra of FBGs recorded in seven cores of a multicore fiber.

There are obvious differences in peak position and reflection peak strength. The
wavelength in this case varies between 1549.77 and 1550.12 nm, and the reflectivity
varies between 2.3 and 3.5 %. These variations can be attributed to differences in the
effective refractive index of different cores and to variations of the grating modula-
tion depth due to lensing and shadowing effects produced during the inscription of
gratings in a multicore optical fiber.

5.1.4 Intrinsic twist measurement

Intrinsic twist issue has been discussed in detail in Chapter 3. In a shape measure-
ment procedure, intrinsic twist cannot be directly discriminated from an experimen-
tally measured twist. Hence, a fiber curved in a plane would then seem to have a
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helical shape in the reconstruction of the measured shape. Since it is hard to control
or reduce intrinsic twist, the shape sensor fiber must be calibrated to reduce a shape
error induced by an intrinsic twist. It may also happen that the fiber is intentionally
twisted during the manufacturing process. Also, in this case, the twist has to be well
characterized.

For the intrinsic twist characterization, two different methods are suggested.
With the first method, the inner structure of the fiber is observed in a diffraction
projection pattern from a side-illuminated fiber. Applying this procedure requires
installing the fiber without adding a twist by handling the fiber. This can be achieved
by hanging the loaded fiber vertically clamped on top and then, after taking its nat-
ural shape, clamping the fiber end at the bottom. Then the fiber can be used for
observation of its diffraction pattern through one complete rotation (Figure 5.8a)
and by scanning along its longitudinal axis (Figure 5.8b).

Figure 5.8: Setups for intrinsic twist measurement using side laser illumination for fiber
rotation (a) and fiber scanning (b).

In this setup, plane wave laser light passes through the fiber and is diffracted
and focused by the refractive and diffractive core structures. This light pattern is
collected by an objective with a high numerical aperture and projected into a camera.
Dark areas in such recorded patterns are typically caused by the fiber cores. The
current angular orientation of the fiber therefore detectable. Moving the illumination
laser and the camera along the fiber enables recording the diffraction patterns for
all positions of the sensor (Figure 5.9a) and comparing it with the reference patterns
recorded for all possible orientations, i.e., for a complete rotation (Figure 5.9b).

An analysis of these patterns allows quantification of the rotation angle of the
cores in a given sensor length, which corresponds to the intrinsic twist of the fiber.
The scanned pattern of 20 mm of fiber in our case shows the same pattern as a mul-
ticore fiber rotation from 131◦ to 134◦, which corresponds to the twist of 1.5 °/cm
to 2 °/cm. This method does not require Bragg gratings to be inscribed in the cores
and can be applied before FBG inscription. In this particular case, the measurement
accuracy does not exceed 1-2 °/cm, since extracting the angle from the diffraction
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Figure 5.9: Pattern formed by a stack of images obtained by: a) - scanning a length of
20 mm. b) - one complete rotation of the seven-core fiber.

pattern is limited due to minor orientation change along the scanning length ap-
plied. The accuracy of this method can be improved by employing the Pearson
coefficient based measurement of an orientation angle.

Such distinct pattern structures can be observed with a periodicity corresponding
to the fiber symmetry (60◦ in our case). Therefore, observing such distinct pattern
structures twice during the fiber scanning can reveal an internal fiber torsion of 60◦

between the points where the patterns were detected. Since an angle of 60◦ is a
rather large value of twist for a fiber, scanning of longer pieces of a fiber might
be necessary in this case: higher twist values are better to investigate and more
easily detectable. Such a measurement can be achieved especially with fibers with a
designed twist of, e.g., 50 rotations per meter since the shorter twist period, in this
case, allows the scanning length to be reduced and the twist period is then measured
with sub-millimeter accuracy.

The second method for twist measurement can be based on the shape measure-
ment procedure of a known flat test shape structure applied with the same interroga-
tion scheme as the one used for the general shape measurement. In this specific case,
the measurement fiber is positioned in a curved shape on a flat plane surface (Fig-
ure 5.10a). The bending radius must be small enough to ensure that the wavelength
shift of the reflection peaks of FBGs in the cores caused by the bend is larger than
the possible noise level accuracy of the spectral measurement system. An intrinsic
twist of the fiber will result in a reconstructed helical shape in the reconstructed
fiber position beyond the actual plane surface in the test setup (Figure 5.10b) since,
due to twist, a non-zero value of torsion will be detected.

The intrinsic twist is measured as the change of the angle between the neutral
axis and one of the cores for two different gratings along the longitudinal array.
In our case, the measurement was performed several times to ensure measurement
repeatability and achieved a rotation of 12.3◦ on a length of 72 mm between the
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Figure 5.10: a) -Setup for the intrinsic twist measurement. b) - Shape reconstruction
and real shape comparison for a twisted fiber.

centers of the first and the last gratings, which corresponds to an intrinsic twist of
1.71 ◦/cm. This value will be used to correct the shape measurement for the intrinsic
twist as a coordinate system rotation and will be subtracted from the bending angles
measured. This second intrinsic twist measurement method is simple and does not
require additional equipment. It can be applied using the same interrogation system
as that used for the shape measurement. The accuracy of the twist measurement
achieves an accuracy below 1◦and therefore fits better to multicore fibers with a low
intrinsic twist.

5.2 Evaluation of calibration corrections with a test ob-

ject

The impact of the discussed calibration corrections will now be shown for curvature
measurements with a test object. A multicore fiber with four cores, eight FBGs in
each core and with a total length of 72 mm was used for testing of the impact of the
calibration procedures on the measurement accuracy. For defining a specific shape,
a plane mold with a set of grooves of different diameters representing shapes of
different curvatures was used. The sensing fiber was then installed in the grooves
with a defined curvature without clamping or gluing (Figure 5.11)a.

The fiber was positioned in this plane mold with curvature radii Rgroove 40, 50,
60, and 70 mm so that all grating positions would experience the same bending with
a radius, Rfiber, that is slightly smaller than the outer radius of the groove, Rgroove,
for half the diameter of the fiber (Figure 5.11b). Then the curvature can be calculated
using Equation (5.1). In Figure 5.12, the measured curvature values are presented
for the fiber positioned in the aluminum mold.
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Figure 5.11: Setup for positioning a sensing fiber in a plane test shape with fixed radii
of curvature (a) and a photograph of the aluminium mould (b).

Figure 5.12a shows different reconstructed radii of curvature for eight grating
positions along the fiber length without the use of the correction factors from cal-
ibration. Here, rectangles correspond to the time-averaged value of the radius of
curvature as measured during a 3-minutes experiment. The bars indicate the range
variation of 360 single measurements acquired with a frequency of 2 Hz. The theo-
retical curvature of the center of the fiber, Rfiber, is shown as a black horizontal line.
It is interesting to note that the variations in the single measurements are higher for
larger curvature radii. The reason is that the reflection peak wavelength measure-
ment error is affecting the fiber more strongly when it is bent with a larger radius, as
it is subjected to lower strain and shows a lower peak wavelength shift in the cores.
As a next step, the correction factors α were applied as shown in Figure fig:corb.
In this case, the averaged relative error for all experiments slightly decreased from
0.89 % to 0.88 %. This minor change of accuracy indicates that the variation of photo-
elastic coefficient along the fiber is not high in our case and does not induce large
additional errors for the curvature measurement. For the results in Figure 5.12c, the
correction factors of γ were applied in addition. In this case, the averaged error for
the experiments decreased to 0.5 %. For FBG 1, which showed the most prominent
errors, the maximum observed error was almost halved, decreasing from 2.48 % to
1.37 %. This improvement indicates that the fiber diameter in our case may have
varied along the fiber length leading to a core-to-core distance change in a range of
35.9 µm to 36.8 µm.

Hence, the calibration procedure enables us to increase the accuracy in curvature
sensing remarkably. The measurement of the photo-elastic coefficients (as material
parameters) for the individual cores had a relatively low impact on accuracy in our
case because of low differences. However, this procedure should still be applied
generally since photo-elastic coefficient differences are hard to predict for complex
fibers. Using multicore fibers with a designed twist leads to different wavelength
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Figure 5.12: Shape measurement of the grooves on the mould with no correction (a),
with α0 (b) and additional γ (c) correction factors applied. The horizontal line in the

center of each graph indicates the ground truth for the radius measurement.

shift-to-strain conversion factors for the helically twisted side cores and the straight
central core and the α factor can be used to take these conversion differences into
account. The same calibration procedure can be applied to check for local fiber di-
ameter variations. In this case, one can identify fiber imperfections that are hard
to check otherwise and which have been shown to substantially impact reconstruc-
tion accuracy. The calibration of the correction factors α and γ can be implemented
with setups very similar to those for the initial reflection peak wavelengths mea-
surement by means of measuring the wavelength shifts of reflection peaks in each
individual FBG in the longitudinal and transversal arrays. The observed twist of
12.3◦ measured along a length of 17 cm is considerably large value for a fiber with
no designed twist. This intrinsic twist information is important for the overall ac-
curacy of the sensor when reconstructing a complete 3D shape by a combination of
curvature magnitude and curvature direction data.

5.3 Summary

Calibration procedures for shape sensing with multicore optical fibers and inscribed
FBGs have been shown and discussed. The proposed procedures allow for consider-
ing the sensitivity of each FBG individually by elaborating the effective photo-elastic
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coefficient for every single core and adjusting the strain conversion coefficient in the
transversal array of the fiber gratings. Calibration includes a measurement of the
intrinsic twist of multicore fibers that can be introduced during the manufacturing
process, whether by chance or intentionally. Overall, the maximum error of mea-
suring curvature and the averaged relative error has been shown to be reduced by
almost a factor of 2 in a test setup with curvature radii in a range between 40 to
70 mm for the used fiber. These results show the high importance of well-adapted
calibration procedures in shape sensing using optical fibers. The effect can be more
prominent for the fibers with more substantial deviations in core-to-center distances
and more significant differences in photo-elastic coefficient across and along the
fiber sensor.
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Chapter 6

Multiplexing of FBGs in multicore
fibers using the inverse bend
sensitivity

Multicore optical fibers are a promising solution to the task of developing new multi-
plexing methods. Space-division multiplexing can be used in multicore optical fibers
to increase the transmission capacity of telecommunication optical fibers or enable
new types of sensing for the optical fiber sensors. The need for special equipment
was already discussed in Chapter 2. One of the essential components allowing for
addressing the cores of a multicore fiber individually is the optical fanout. Optical
fanouts are complex devices and need special equipment to be made (see Section
2.3.2). Additionally, the fanouts have to be optimized for a specific multicore fiber
design.

Optical fiber sensors based on multicore fiber and FBGs often require a fanout for
the individual interrogation of the gratings inscribed in a single plane (Figure 6.1a).
This is required due to overlap of the FBGs reflection peaks in the spectral domain,
as shown in Figure 6.1b. Some methods, such as sinusoidal spectral shape [201],
strong coupling [202] or focused femtosecond point-by-point inscription [203], have
been suggested for multicore fibers interrogation simplicity.

Usually, shape sensors using FBGs in optical fibers are inscribed in a linear con-
dition. Then, while the fiber is bent, the reflection peaks of gratings in different
cores are separated in the spectral domain, as shown in Figures 6.1c and 6.1d).

Considering this effect, in this chapter, a simple approach for wavelength mul-
tiplexing and interrogation of FBGs in a multicore fiber using grating inscription
under a pre-bent condition is presented. This approach takes advantage of the in-
verse bend sensitivity of multicore fibers and suggests inscribing FBGs in a curved
fiber to separate the spectral peaks for the linear fiber. It can be beneficial for simple
sensors based on multicore fibers, and FBGs, e.g., for fiber optic inclinometers or
directional bending sensors [204].
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Figure 6.1: a)-Conventional FBG inscription. b)-FBG spectrum in multicore fiber.

6.1 Concept of the inverse bend sensitivity

The conventional FBG inscription methods, such as phase mask inscription or inter-
ferometric method, applied to multicore fibers usually obtain gratings with identical
reflection wavelengths. Minor shifts of the central reflection wavelengths are caused
by the different levels of the average refractive index modulation in different cores
(see Chapter 4). However, this minor variation in the reflection wavelengths is in-
sufficient to discriminate the peaks reflected from different cores in the spectral
domain.

The concept of the inverse bend sensitivity for FBG inscription suggests pre-
bending the multicore fiber and, therefore, creating different deformation conditions
for different cores. Hence, the inscribed FBGs will have closely located reflection
wavelengths but in a deformed condition. After the fiber is relaxed, the separation
of the gratings spectra in different cores is achieved. The multicore fiber can then
be used as a sensor without the necessity of a spatial discrimination of the cores, as
shown in Figure 6.2.

A multicore fiber sensor prepared using this method can be interrogated by a
single channel.
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Figure 6.2: FBG inscription in a pre-bent fiber inscribed and single-channel interroga-
tion of multiple FBGs.

6.1.1 Comparison of the FBG inscription in a linear and curved

fiber

The multicore fiber with FBG inscribed using the presented method can be used
as an omnidirectional shape sensor. The measurement range, in this case, would be
limited by an overlap of the reflection peaks in the spectral domain due to ambiguity
created by the overlapped peaks. However, this overlap will be reached only by
curving the fiber in the same direction as used for the FBG inscription, and with a
smaller bending radius. To explain the reason for that, the inscription in a bent fiber
must be compared to the inscription in a straight fiber.

The case of an FBG inscription in a linear multicore fiber

Let us assume first the conventional FBG inscription in a linear multicore fiber with
three identical cores, as shown in Figure 6.3a.

Since the cores are identical, the FBGs inscribed in all three cores will have iden-
tical periods Λ0. All three cores will also have the same effective refractive index n0.
Thus, the central peaks of the reflection wavelength of the gratings λ, in this case,
can be calculated as:

λcore1 = 2n0Λ0

λcore2 = 2n0Λ0

λcore3 = 2n0Λ0

(6.1)

The bending applied to the multicore fiber with a radius R, as shown in Fig-
ure 6.3b, will cause changes in both the effective refractive index and the grating
period in Cores 1 and 3. Since the cores are equally distant from the neutral axis,
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Figure 6.3: Effective refractive indices and grating periods in a multicore fiber core
fiber in a linear and curved state. (a) - FBG inscription in a linear state, the gratings in
all cores have identical reflection peak wavelength due to a matching effective refractive
index and period. (b) - Fiber is curved after FBG inscription. Both the effective refractive

index and the period change in the cores 1 and 3.

the effective refractive index is expected to change by the same absolute value of
∆n, and the period will also change identically by the absolute value of ∆Λ. This
will lead to a shift of the reflection peaks of the FBGs λb in the Cores 1 and 3, as:

λbcore1 = 2(n0 −∆n)(Λ0 +∆Λ)

λbcore2 = 2n0Λ0

λbcore3 = 2(n0 +∆n)(Λ0 −∆Λ)

(6.2)

The shift of the central wavelength of the grating in the Core 1 towards the longer
wavelengths, due to the increased period Λ+∆Λ, will be partially compensated by
the decreased effective refractive index n0 −∆n0 for the Core 1, and vice versa for
the Core 3. Core 2 is located on a neutral axis of bending, therefore, no wavelength
shift is expected for this core.

The case of an FBG inscription in a curved multicore fiber

We can now consider the case with a bent fiber FGB inscription and compare it to
the previous one. For the gratings inscription, the fiber is bent with a radius of R in
the identical direction, as shown in Figure 6.4a.

The grating periods Λ in all cores will be identical. Since the fiber is pre-strained,
the cores will have a varying effective refractive index with negative change for Core
1 and positive change for Core 3. The effective refractive index in the central core is
expected to be unchanged as the core is located on the neutral axis, where the stress
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Figure 6.4: Effective refractive index and grating periods in a multicore fiber in a linear
and curved state. a) - FBG inscription in a curved state, the gratings in all cores have
different reflection peak wavelengths due to varying effective refractive index. b) - Spec-
tral separation of the reflection peaks for the straightened fiber is increased due to the

stronger effect of the period change. Effective refractive indices are identical.

equals zero. At this bent condition, the central reflection wavelengths are expected
to be as:

λ∗core1 = 2(n0 −∆n)Λ0

λ∗core2 = 2n0Λ0

λ∗core3 = 2(n0 +∆n)Λ0

(6.3)

The reflection peaks from the stretched Core 1 on top will be shifted towards
shorter wavelengths from the central core reflection peak, and the reflection peaks
in the Core 3 in the bottom will be shifted towards longer wavelengths.

Then relaxation of the fiber into the linear state will result in equalizing the
effective refractive indices in the cores.

The peaks shifted to the shorter and longer wavelength will move further in the
same direction since the contribution of period change is stronger than the change
in the effective refractive index. Thus, the reflection wavelengths of gratings are
expected to as:

λcore1 = 2n0(Λ0 −∆Λ)

λcore2 = 2n0Λ0

λcore3 = 2n0(Λ0 +∆Λ)

(6.4)

Then an optical multicore fiber with inscribed gratings with different reflection
wavelengths is obtained. In the case of using such fiber for shape sensing, bending
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in the opposite direction to the bend direction shown in Figure 6.4, will further
increase the spectral distance between the reflection peaks. Bending the fiber in
the same direction might cause an overlap of the peaks. However, this state can be
reached only in the case of a stronger bending. If the fiber is bent with the same
radius of R (as for the FBG inscription), the peaks will still be separated and the
reflection wavelengths in the cores will be equal to λ∗core1, λ∗core2, λ∗core3 for the cores
1,2, and 3 respectfully.

For the inscription in bent multicore fiber, there is a limitation for the bending
in the same direction as was used for the FBG inscription. The limitation extends
beyond the radius that was used for gratings inscription due to initial peaks offset,
which can overlap only via stronger bending in the same direction. Such bending
sensor can be used without channels separation for interrogation with a limited
range of bending in one direction.

6.2 Method for the multiplexed FBGs inscription

Multiplexed fiber Bragg gratings in multicore fiber using the presented method are
made in a few steps. The fiber must be bent in a specific direction for the best
performance and for equal spectral distance between the FBGs in different cores.
In the case of a three-core fiber with identical core-to-center distances, the bending
direction must be selected to place one of the cores on the neutral axis of bending.
In the case of multicore fiber with identical cores, it will mean that projections of
the core positions onto the curvature plane should be equidistant. The appropriate
curvature direction can be ensured by using the orientation measurement setup
described in Chapter 3.

The fiber must be installed with a possibility of orientation adjustment (Fig-
ure 6.5a). If the fiber is bent vertically, the fiber is rotated to the position where the
cores are equidistant on the vertical projection, as shown in Figure 6.5b. Then the
fiber can be bent in a vertical plane, and the FBGs can be inscribed (Figure 6.5c).
After FBG inscription, the reflection peaks will be separated in the spectrum due
to the strain-induced refractive index differences in the cores. After releasing the
clamps and relaxation of the fiber to a linear position, the separation of the peaks
will be further increased.

In general, a wavelength offset ∆λB of the FBG reflection peaks can be achieved
by applying strain ϵ to a fiber as:

∆λB = ϵ (1 − ρe) λB (6.5)
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Figure 6.5: Step-by-step FBG inscription process using a curved optical fiber. (a) -
Multicore fiber is installed in clamps and rotated to the required position. (b) - Fiber
is bent in vertical plane for the desired radius by shifting the holders. (c)-FBGs are

inscribed.

Here, λB is the central reflection wavelength of an FBG achieved in a relaxed
condition, and ρe is the photo-elastic coefficient.

The strain in the bent fiber is related to the curvature κc (inverse of the bending
radius) as described in Equation 2.6 in Chapter 2.

For the case of a symmetric three-core fiber as depicted in Figure 6.5 b and
assuming that the photo-elastic coefficient difference in the cores is negligible, the
achieved wavelength shift ∆λB can be simplified from Equations 2.6 and 6.5 to:

∆λB =
3r
4R

× λB(1 − ρe)

sin(60◦)
= 0.87

r(1 − ρe)λB
R

(6.6)

Where r is the core distance from the fiber center and R is the bending radius.
The applied bending radius of the fiber in the inscription setup can be derived from
the observed arc length c and the arc height h (see Figure 6.5b):

Rm =
c2 + 4h2

8h
(6.7)

6.3 Experimental proof of principle

As a proof of principle of the presented concept, a seven-core fiber was used with
three cores selected to simulate a more simple three-core fiber (Figure 6.6).

In Figure 6.7 examples for applied bending on multiplexed FBG spectra are
shown. The cores were addressed using a fanout spliced to multicore fiber. The
equal distancing of the reflection peaks in a spectral domain allows for the maxi-
mum achievable measurement range limited by the possible overlap of the peaks.

As mentioned before, even in the bent position, the gratings already show a
wavelength shift for the different radial positions with peaks maxima at 1548.32,
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Figure 6.6: Multicore fiber used for a proof-of-principle.

1550.52, and 1553.07 nm (see Figure 6.7b). This wavelength shift increases when the
fiber is relaxed to a linear position with peaks maxima shifting to 1546.53, 1550.59,
and 1554.92 nm, respectively (Figure 6.7a). The overlap of the reflection peaks in the
cores is achieved by bending the fiber in the same direction with a smaller radius of
curvature (Figure 6.7c).

Figure 6.7: a) - FBGs spectra in a relaxed optical fiber. b) - Spectra of the FBGs while
fiber is bent in the same direction and strength as during FBG inscription. c) - Overlap

of the FBGs reflection peaks due to stronger bending.

There is a direct correlation between the multicore fiber curvature for FBG in-
scription and the spectral distance between the peaks. However, a stronger bending
will reduce the effective length of the grating, thus decrease the reflectivity. In addi-
tion to a weaker reflectivity, a stronger bending will introduce more prominent side
lobes on the longer wavelengths side of the spectrum. In Figure 6.8, the spectra of
the FBGs inscribed with weak and strong bends are compared.

As seen in Figure 6.8b, the reflection peak spectrum in each core is distributed
over a few nanometers, whereas the spectra of gratings inscribed under weaker
bending conditions have a shorter spectral decay, and thus are easier for a peak-
fitting algorithm to analyze.
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Figure 6.8: Demonstration of the spectral distance achievable by the method described
in the paper and spectra of gratings inscribed under weak (a), and strong (b) bending

conditions.

6.4 Summary

A simple method for realizing FBGs in a multicore fiber with different reflection
wavelengths was presented. A conventional interferometric inscription arrangement
is sufficient for the method realization. The modification of the grating properties
is achieved by laying out the fiber in a specific curved shape before the gratings are
inscribed in the cores simultaneously. After grating inscription, the fiber is straight-
ened, resulting in a further separation of the wavelength reflection peaks. Therefore
the limiting bending radius before overlapping the different FBGs spectra can be
considerably smaller than the bending radius used for the grating inscription.





83

Chapter 7

Space division multiplexing with
FBGs in a multicore fiber

This chapter is dedicated to a novel multicore optical waveguide component
based on unique fiber designs optimized towards selective grating inscription com-
bined with an extension of the applicable fiber length with such grating sensors. Such
fiber design enables increasing the optical sensor capacity and, thus, the sensing
length of a single optical fiber while preserving spatial resolution. The method
used for the composed multicore fiber production allows achieving a specific per-
formance which can be enabled by selective gratings inscription in a single fiber
core, e.g., by using a focused femtosecond laser beam. It can also apply to a draw
tower inscription process enabling a very efficient production of FBGs. Besides the
concept, the chapter discusses the manufacturing of the sensing fiber component
and an application example optimized for shape sensing.

Currently, the space-division multiplexing for fiber gratings is usually enabled
by multiple single core fibers, as shown in Figure 7.1, or by selective fiber inscription
in a multicore fiber, with multiple cores integrated in a common cladding.

Figure 7.1: Conventional method with multiple single core fibers for sensing length
extension based on space-division multiplexing.

A selective inscription in a single core of multicore fibers is currently achieved
by special methods such as strong laser beam focusing, or limited coherence of a
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light source providing an interference pattern with sufficient contrast for inscription
of gratings only for part of the photosensitive cores [205, 206].

The cores with gratings then become sensitive to a specific external parameter
measured using the fiber, while other cores, without gratings, remain insensitive.
As a result, only one core is reflecting light in each position of the fiber. A sensing
system for such spatially divided gratings is shown in Figure 7.2.

Figure 7.2: Optical fiber sensing length extension based on space-division multiplexing
using, e.g., selectively inscribed FBGs.

Selective gratings inscription using different illumination conditions of the cores
is time-consuming, due to the requirements for a precise fiber positioning. Here,
an alternative method providing selective gratings inscription by illuminating all
cores in parallel is presented. The suggested method allows for making a composed
fiber component combining extended sensing length of multiple fibers with single
cores and the compactness of a fiber sensor with selectively inscribed gratings in
a multicore fiber. The process of a special fiber manufacturing is explained. As
a proof of principle, a multicore fiber component was prepared for a fiber optical
shape sensing application with two-fold extension of the measurement length using
a selective grating inscription with a conventional interferometric setup.

7.1 Multicore fiber component concept

The composed multicore fiber component integrates the flexibility of selective grat-
ing inscription in multiple fibers for position multiplexing (Figure 7.3a), in a singu-
lar and compact multicore fiber component (Figure 7.3b). Different combinations of
photosensitive and non-photosensitive cores allow for, e.g., a 6-fold or 12-fold length
extension with cores placed in a ring shape (see fibers 1 and 2 in Figure 7.3c. Com-
ponents made for shape sensing, with more than one sensing core in a cross-section,
can also be designed using the same principle, as shown for fiber 3 in Figure 7.3c).
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Figure 7.3: a) - Space-division multiplexing using single core fibers. b) - Concept of a
space-division multiplexing based on a multicore fiber with selectively inscribed FBGs.
c) - Examples of multicore fibers for selective FBG inscription based on photosensitive

and non-photosensitive cores.

The multicore fiber component with photosensitive and non-photosensitive cores
is composed of several pieces of the same fiber, spliced together with different ori-
entation angles. Optical fiber cores with high germanium content have the ability to
change refractive index for inscription of gratings under UV-illumination condition
[207–209]. Other materials, usable for fiber production (boron, fluorine, aluminum
oxide), show no or very poor photosensitivity to UV light. Now, purposely incor-
porating both high and low photosensitive cores in a single multicore fiber allows
achieving a selective sensitivity to FBG inscription. If such fiber’s cores are arranged
in shape with rotational symmetry, it is possible to connect specific photosensitive
and non-photosensitive, light-guiding cores to one another by splicing two separate
rotated pieces of the fiber. If these pieces contain identical arrays of fiber gratings,
their separation in channels allows for increasing the sensing networks’ capacity
for multiplexed sensing points. The interrogation of such fiber components is pos-
sible using a multichannel spectrometer or reflectometer or by a combination of a
single-channel device and a fiber switch. Selective inscription of fiber gratings in the
above-described multicore fibers can be achieved with the same setups as used for
conventional FBG inscription, e.g., interferometric inscription setups.

The composed fiber component allows for extending the number of single sen-
sors multiplexed within one fiber when identical grating arrays are interrogated.
Alternatively, when splicing nonidentical arrays of gratings, the sensitivity of each
piece can be tailored for components with different number of sensing points in
spliced fiber pieces (Figure 7.4). This can be beneficial for the shape sensors which
can combine different measurement ranges along the sensor length, e.g., cardiac
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catheters, as shown in Figure 7.4.

Figure 7.4: Combination of different sensitivity ranges enabled by different spectral
distances in FBGs in suggested fiber component (a), compared to the conventional single

fiber sensor (b).

The length of a usable sensitive area is determined by the losses or the atten-
uation in the sensing cores. The number of multiplexed gratings in a single-core
channel is limited by the spectral range of the interrogator.

7.2 Multicore fiber component fabrication procedure

The stack-and-draw method can be used for the fabrication of the multicore fiber. For
this purpose, several sub-preforms and filling rods are placed in a capillary tube
(Figure 7.5a). The sub-preforms are made of different preforms with an increased
core-to-cladding ratio. Germanium-doped fibers are well studied for fiber grat-
ings inscription [207, 210]. Therefore, for the photosensitive cores, a high germa-
nium content (>15%) is used for enabling high-reflectivity Bragg gratings inscrip-
tion. Such doping concentration elevates the refractive index of a core [211–214],
being beneficial since the mode field diameter becomes smaller and cross-talk be-
tween cores is reduced. On the other hand, a side effect of high-content germanium
fibers is a higher transmission loss and a greater numerical aperture (NA). Trans-
mission losses are not the major concern for fiber sensors with limited lengths in a
range of meters to some hundreds of meters. The increased NA might be contribut-
ing to higher splicing losses when combined with non-photosensitive cores. In order
to minimize the splicing losses, cores of both purposes should have comparable core
size and refractive index.

Therefore, an essential requirement for a non-photosensitive preform material is
the achievable refractive index contrast between core and cladding preferably the
same values as for a photosensitive core.
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The grating inscription may be performed during the fiber drawing process be-
fore coating application (Figure 7.5b), or after fiber drawing, through a UV-transparent
coating [215], or with a removed coating.

Figure 7.5: Process of a concept fiber manufacturing. a) - Preform stacking, space
in between sub-preforms is filled with silica rods. b) Fiber Bragg gratings inscription
during the fiber drawing process. c) The resulting fiber has FBGs inscribed only in

photosensitive cores.

With an inscription process, a repeated sequence of spectrally resolved gratings
(Figure 7.5c) or a continuous periodic structure can be achieved. Further steps are
cutting the fiber in a way that each piece contains the gratings, which are supposed
to be interrogated in discrete channels, rotated in respect to each other, and spliced
again (Figure 7.6). As a result, a fiber component is achieved.

Figure 7.6: Further fiber handling, component preparation. The fiber is cut in pieces
with arrays of FBGs. Then, different parts are connected and spliced so that each

resulting core channel has only one sensing component.
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7.3 Proof of principle with two connected elements

In order to validate multiplexing functionality of the suggested multicore fiber com-
ponent, experimental results of FBG inscription in a multicore fiber with four pho-
tosensitive cores (Figure 7.3c, fiber 3) are given. In this specific example, it extended
the length by a factor of two compared to a conventional fiber sensor with four pho-
tosensitive cores. For the extended concept, the fiber has to consist of an additional
set of cores with very low photosensitivity in addition to photosensitive cores. For
the photosensitive cores, a sub-preform with 15mol% of germanium has been cho-
sen. The sub-preform was cut into four pieces to provide four cores with identical
parameters for the final stacked preform.

The selection of a non-photosensitive sub-preform material is optimized towards
matching with the photosensitive core with an expected NA of 0.25 and a core
diameter of 4.5µm. There is a number of materials available with matching prop-
erties studied for both dispersion and photosensitivity [216–220]. Aluminum ox-
ide (Al2O3) is one of the dopants which has high ∆n [221, 222]. A design with
four photosensitive fiber cores has been chosen, matching the hexagonal symmetry
of the stacking and providing the required structure for a shape sensing applica-
tion. There is a limitation of the allowed Al2O3 concentration in the cores due to
a risk of crystallization and mechanical stress. Therefore, a sub-preform with 5%
Al2O3 has been used for the preform stack as shown in Figure 7.7a. With this low
concentration, a lower numerical aperture compared to germanium-doped cores is
achieved (about 0.17). A coupling efficiency in a splice of a germania and aluminum
core of about 70% is expected.

The cross-section of the final realized multicore fiber is shown in Figure 7.7b. An
additional hole was implemented for creating asymmetry for a simple fiber orien-
tation when splicing using a side-view image, and for a scattering pattern analysis-
based orientation measurement. Multicore fibers with four cores are often used for
directional bending and shape sensing. Hence, the three outer cores were arranged
equally distant from the center for bending measurement. The central photosensi-
tive core is slightly offset from the center to be able to have a non-photosensitive
twin core in the composed fiber component. The central core provides twist and
strain discrimination, which is impossible to do with only three equidistant cores.

Fiber Bragg gratings have been inscribed in the multicore fiber in a post-drawing
process. This was done using a single KrF excimer laser pulse and a Talbot interfer-
ometer. Two sequences of FBGs were inscribed, each sequence having three gratings
with 1.5nm spectral distance between the reflection peaks. The second sequence
was shifted by 1nm towards longer wavelengths, in respect to the first sequence, so



7.3. Proof of principle with two connected elements 89

Figure 7.7: Experimental approbation of the multiplexing fiber concept. a) Stacked
preform resembling the fiber structure with photosensitive sub-preforms marked green,
insensitive to UV-light sub-preforms appear in dark-beige. b) Microscope image of the
drawn fiber, larger cores correspond to the cores insensitive to UV-illumination, smaller

cores represent the photosensitive cores.

that gratings of both sequences appear one after another in the reflection spectrum.
This would allow to see additional peaks in case of a cross-talk between the cores.
The fiber was cut so that each piece contained one sequence of three FBGs. These
pieces were spliced with a rotational shift of 180◦ in respect to each other, as shown
in Figure 7.8a. A fanout is used for interrogation of six outer cores. The spectra of
the grating reflectivities for two of these six channels are shown in Figure 7.8b in
different colors. No cross-talks were seen in the spectrum. The gratings in two chan-
nels have comparable reflectivities. The losses induced by the splice are therefore
negligible. The other channels have shown very similar spectra.

Figure 7.8: Experimental realization of the multiplexing fiber concept. a) Fiber compo-
nent is prepared by splicing two pieces with a rotational shift of 180◦ b) Spectra of two

cores.

The design of this fiber takes advantage of simplified orientation measurement,
which is achieved with a hole incorporated in the cladding. In the case of the nonin-
vasive measurement method, this hole will allow seeing the exact orientation of the
fiber due to the unique position of the hole in the structure, unlike the orientation
limited to the symmetry of the structure described in several cases in Chapter 3. In
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the case of visually indistinguishable core sets, this hole will help to splice the fiber
pieces to avoid incorrect splicing.

This result proves that the proposed multicore fiber can increase the capacity of
optical sensors with fiber gratings as sensor elements.

Three fold increase in length

The presented example has a factor of two of the sensing length extension. With
a design with more cores it is possible to achieve longer sensor without inducing
cross-talk between the cores. Configuration with nine outer cores and 40◦ shift in
between the cores would enable a three-fold increase in the shape sensing length
(Figure 7.9).

Figure 7.9: Design for a shape sensor with a three-fold increase in sensing length

An obstacle on the way of manufacturing the preform with this design is the dif-
ficulty to fit the structure to a hexagonal grid with an identical number of elements.
Thus, other methods, such drilling and insertion, can be considered for realizing
more advanced length extension.

7.4 Summary

A novel composed fiber component exploiting a special fiber design principle is
presented. This design principle enables multiplexing-based space-division mul-
tiplexing with arrays of fiber gratings separated in sets of channels. The main
advantage of the design is a simple realization of selective fiber grating inscription
without the need of creating different illumination conditions for the cores of a mul-
ticore fiber, e.g., focusing or limited coherence illumination. Stacking of preforms
with different doping materials can be performed with standard techniques. Selec-
tive gratings inscription is provided by the different dopings (photosensitive and
non-photosensitive) in the cores of the multicore fiber. Selectively inscribed grating
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sets can then be separated into channels by cutting the fiber into a few pieces and
splicing them together with a rotational shift to provide transmission of the gratings
signals from one piece through others via unmodified cores. This allows for achiev-
ing multiple times longer sensors compared to single core fibers with FBGs with
identical spectral properties. An example of a multicore fiber designed for bend
and shape sensors multiplexing was manufactured and tested with several gratings.
The presented design example allows for increasing the sensing length by a factor
of two without reducing spatial resolution.
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Chapter 8

Conclusions and outlook for future
work

In the presented dissertation, several aspects contributing to the optimization of
shape sensors based on multicore fibers are discussed. These aspects include the
orientation and twist measurement in complex optical fibers, fibers characterization
and calibration, FBG inscription in multicore fibers, and finally, conceptual aspects
with new multiplexing methods.

Multicore fibers angular orientation method study became a skeleton of the work
as it is used in many parts of the research. The scattering pattern achieved by a laser
side illumination of multicore fiber showed sufficient detail to be used for angu-
lar orientation of multicore fibers. In combination with the correlation coefficient
measurement, the measurement system allows for quick automatic recognition of
fiber orientation. A method based on Pearson coefficient calculation allows for au-
tomatic orientation measurement. One of the most promising applications for this
method would be a fiber characterization running during a fiber drawing process.
The results obtained in this work suggest that the orientation angle recognition can
be used not only with experimental reference scattering patterns but also with a
simulated reference patterns stack. Using the simulated patterns would enable the
characterization of a fiber already with first preparing a test fiber.

Fiber Bragg gratings have been reviewed as a successful instrument for enabling
curvature and shape sensing in multicore fibers. However, the fiber gratings in-
scription is a more complex process compared to the single core fibers. The lensing
and diffraction effects would differently affect the FBG inscription in the cores of
a multicore fiber depending on the illumination angle. The effects of focusing can
negatively affect the applicability of inscribed FBGs since very low reflective grating,
and very high reflective gratings are not desirable for best interrogation system per-
formance. When possible, the orientation of a multicore fiber must be controlled for
the FBG inscription. This study aimed to reduce or eliminate the negative optical
effects on cores induced in a multicore fiber. However, the focusing effect of the
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fiber cladding might also be used for achieving FBGs with higher reflectivity at the
lower illumination conditions. Such a technique can be realized, e.g., by inscribing
the gratings in a fiber with a core offset from the center.

Sophisticated components and interrogation instrumentation required for the
multicore fibers are obstacles to a general implementation of multicore fiber sen-
sors due to high costs and the need for customization for specific applications. Lack
of a standard for multicore fiber leads to underdeveloped instrumentation, which
increases overall complexity and costs. Bending the fiber for FBG writing will ap-
ply strain to the cores depending on the location regarding the neutral axis. This
restrained condition of the cores for simultaneous FBG inscription with identical
gratings would then allow the reflection peak wavelengths to be separated in the
spectral domain after straightening the fiber. This concept can be used for short
multicore fiber sensors with a short wavelength interrogation range.

Calibration is a standard process for optical fiber sensors. Calibration is specifi-
cally important for using multicore fibers in shape sensing because of the geometri-
cal and material content variations appearing in the state-of-the-art multicore fibers.
The calibration algorithms can be automatized and combined. For example, instead
of dedicated measurements for photo-elastic coefficient and thickness variation, the
sensors may be curved with known conditions multiple times, and optimization of
the parameters used for the calculation may be performed by adapting the parame-
ters for ground truth.

Spectral limitations of FBG interrogators limit the number of sensing points,
therefore, the length of optical sensors based on fiber gratings. Large sensor ca-
pacity is paramount for multicore fiber shape sensors, as the strain measurement
should be performed in many cores concurrently. Combining different fiber doping
materials allowed to achieve cores with different functionalities and photosensitiv-
ity in a single fiber. In the fiber component prepared using such fiber, a series of
light-guiding and sensing cores provide spatially resolved measurement. Hence, the
sensing fiber capacity can be increased by a factor of N, where N is the number of
all cores divided by a number of sensing cores.
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Zusammenfassung

Ein auf Faser-Bragg-Gittern (FBGs) in Multicore-Fasern basierender Formsensor ist
ein komplexes Gerät mit zahlreichen Faktoren, die für ein erfolgreiches Messsystem
berücksichtigt werden müssen. In dieser Dissertation habe ich einige Aspekte von
solchen faseroptischen Form- und Krümmungssensoren betrachtet.

Der erste Aspekt ist die Herstellung von Multicore-Fasern und FBGs. Es gibt
bereit fortgeschrittene Methoden, die die Herstellung von Multicore-Fasern für die
Formsensorik ermöglichen. Das Einschreiben von FBGs in solchen Multicore-Fasern
unterscheidet sich erheblich von den herkömmlichen Verfahren zum Einschreiben in
Einzelkernfasern. Ich habe dazu die Einschreibung von Gittern in Multicore-Fasern
untersucht, einschließlich des Einschreibens während eines Faserziehprozesses. Dabei
habe ich die Anisotropie der Fasern berücksichtigt und geeignete Beleuchtungsrich-
tungen für die FBG-Einschreibung untersucht. Es hat dabei herausgestellt, dass
einige Beleuchtungswinkelbereiche die Ungleichmäßigkeit der Amplituden der Re-
flexionsspitzen in verschiedenen Kernen erhöhen. Der Fokussierungseffekt des Man-
tels kann zur Bildung von Typ II FBGs in bestimmten Kernen führen und sogar
einen Kern zerstören. Daher müssen diese optischen Effekte der Faser beim Design
von Mehrkernfaser und beim Einschreiben von FBGs solche Fasern berücksichtigt
werden.

Der zweite Aspekt ist die Charakterisierung von optischen Fasern und die Kalib-
rierung von Formsensoren. Häufig weisen die bei der Formsensorik verwende-
ten Multicore-Fasern Unregelmäßigkeiten auf. Durch die Charakterisierung der
Multicore-Faser lässt sich vermeiden, dass diese Unregelmäßigkeiten die Messqual-
ität beeinträchtigen. Zu den Faktoren, die charakterisiert werden müssen, gehören:
Kern-Mittelpunkt-Abstand und Dickenstabilität der Einzelkerne, Variation des pho-
toelastischen Koeffizienten in verschiedenen Kernen und ein intrinsiches Twist. Für
die Messung des intrinsichen Twists wurde eine Methode für komplexe optische
Fasern entwickelt. Für eine genaue Bestimmung der Winkel-Orientierung von Mul-
tikernfasern wurde eine Technik entwickelt. Diese Methode ermöglicht eine au-
tomatische Bestimmung der Winkel-Orientierung. Solche automatischen Messver-
fahren sind hilfreich bei der Charakterisierung längerer Fasern und bei der genauen
Bestimmung von Twist in komplexen Multikernfasern.
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Der dritte Aspekt ist das Wellenlängen Multiplexing von FBGs in Multicore-
Glasfasern. In dieser Dissertation werden zwei neuartige Multiplexing-Methoden
vorgestellt. Die erste Methode zielt darauf ab, das Abfrageschema der Sensor-
funktion zu vereinfachen und die Anwendbarkeit von Sensoren auf der Grund-
lage von Multicore-Fasern und FBGs zu erleichtern. Die vorgeschlagene Meth-
ode, die auf einen inversem Biegesensor-Konzept basiert, ermöglicht die Messung
von Gitter-Reflektionen aus einer Multikernfaser ohne Verwendung eines Fanout-
Geräts. Dies ist besonders vorteilhaft für einfache, kurze Sensoren, wie z. B.
Schwingungssensoren und Neigungsmesser. Die zweite Methode ermöglicht die
Erweiterung der Messlänge eines Fasersensorsystems. Dazu wird eine Sensorfaser
aus einzelnen Abschnitten gleichartiges Fasern zusammengesetzt, wobei die einzel-
nen Teile gegeneinander verdreht sind. Die Multikernfaser selbst enthalt sowohl
nicht-photosensitive als auch photosensitive Kerne. In die photosensitiven Kerne
können die Fasergitter als Sensorelelemente, einschrieben werden, während in dem
nicht-photosensitiven Kernen nur ein Signaltransport stattfindet. In dem vorgestell-
ten Design wird dabei beispielhaft eine zweifache Vergrößerung der Sensorlänge
gezeigt.

Die Arbeit schließt ab mit einem Ausblick.
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Summary

A shape sensor based on fiber Bragg gratings (FBGs) in multicore fibers is a complex
device with multiple factors which have to be accounted for a successful measure-
ment system.

In this dissertation, I considered several aspects of such shape and curvature
sensors.

The first aspect is the fabrication of multicore fibers and FBGs. There are ad-
vanced methods allowing for fabricating of multicore fibers for shape sensing. FBGs
inscription in such multicore fibers has considerable differences compared to a con-
ventional inscription in single core fibers. I studied the inscription of gratings in
multicore fibers, including the inscription during the fiber drawing process. For
that, I considered the anisotropy of the fibers and considered the illumination ori-
entation for the FBG inscription. It was found that some illumination angle ranges
increase the non-uniformity of the reflection peaks amplitudes in different cores.
The focusing effect of the cladding might lead to the formation of type II FBGs in
specific cores and even destroy a core. Hence, the optical effects of the fiber have to
be considered while designing complex fibers and inscribing FBGs in such a multi-
core fiber.

The second aspect is the characterization of optical fibers and the calibration of
shape sensors. Often, multicore fibers used in shape sensing have irregularities and
characterization of the multicore fiber allows for correction of such irregularities in
the measurement. Among the factors which have to be characterized are: core-to-
center distance and thickness stability, photo-elastic coefficient variation in different
cores, and intrinsic twist. For the intrinsic twist measurement, there was a method
developed for use with multicore optical fibers. For a precise measurement of an an-
gular orientation, a method based on associating the rotational scattering patterns
with a random fiber orientation was developed. This method allows for an auto-
matic recognition of a rotational position. Such automatic measurement can help
to characterize long fiber pieces and to measure the exact twist of complex optical
fibers.

The third aspect is multiplexing in multicore optical fibers with FBGs. In this
dissertation, there are two novel multiplexing methods presented. The first method
is directed to simplifying the interrogation scheme and increasing accessibility of
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sensors based on multicore fibers and FBGs. The suggested method based on inverse
bend sensing allows for interrogating the gratings across the fiber without use of a
fanout device. This is especially beneficial for simple short sensors, such as vibration
sensors and inclinometers. The second method allows for extending the sensing
length through including non-photosensitive and photosensitive cores in a multicore
fiber. When this fiber is prepared as described in Chapter 7, the fiber connects
to a series composed of a few non-photosensitive cores delivering the light to a
core with inscribed FBGs. With a few photosensitive cores and a corresponding
number of non-photosensitive cores, this multiplexing principle was enabled for
shape sensing. In the demonstrated design, there was a two-fold increase in a sensor
length achieved.

Finally, the dissertation is concluded, and an outlook for future work is given.
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