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Abstract

Light is a very useful tool for measuring high frequency and low amplitude mechanical
vibrations. Thanks to the interference process and under certain circumstances we can obtain a
specific sort of optical sources called multimode multiheterodyne sources, that are very useful to
read several optical wavelengths at the same time on a single photodetector and distinguishing
them from each other. This characteristic makes them suitable for interrogating fiber optic

SE€nsors.

In this thesis, I analyze several fiber optic sensor readout methods that mix multiheterodyne
techniques, multimode techniques, and interferometry techniques to measure ultrasound and

acoustic mechanical waves.

These mechanical waves occur when periodic forces are applied to mechanical structures. This
disturbs the layout of atoms and may lead to cracks or the complete collapse of the structure.
Therefore, the characterization and measurement of such vibrations are of great importance when

performing structure health monitoring (SHM) and non-destructive evaluation (NDE).

This thesis aims to solve this problem by implementing several systems that employ light-based
technology to measure and characterize mechanical vibrations up to 1 MHz of frequency and sub-

nano-strain (lower than 10~ ppm) level of resolution.

The proposed systems involve new features and parameters more settable compared to more
conventional approaches of optical sensor reading processes and therefore they offer wider

possibilities.

A total of three systems have been implemented and tested:



First, an electro-optic dual optical frequency comb source to read fiber Bragg gratings for

dynamic measurements. This set up reaches 120 kHz of mechanical frequency detection.

The second system is based on a self-heterodyne acousto-optic comb that reads a random fiber

grating sensor. In this case, the system can detect up to 1 MHz of mechanical vibrations.

Finally, the third is based on a compact electro-optic dual optical frequency comb that is used to
read low reflectivity fiber Bragg gratings with a dispersion interferometer. This system can detect

a maximum of 135 kHz of mechanical frequencies.

The results of this thesis improve previous systems achievements to satisfy the specifications
required to date in this application, both in mechanical bandwidth and in strain amplitude. They

also show the potential of these multimode sources for high-precision optical sensing.

Keywords: Optical fiber sensors, multimode sources, multiheterodyne sources, combs,

interferometry, fiber Bragg gratings, random fiber grating, acoustic, ultrasound
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Resumen

La luz es una herramienta muy util para medir vibraciones mecanicas de alta frecuencia y baja
amplitud. Gracias al proceso de interferencia y bajo determinadas circunstancias podemos obtener
un tipo especifico de fuentes dpticas, denominadas fuentes multimodo multiheterodinas, que son
muy utiles para leer varias longitudes de onda dpticas al mismo tiempo en un solo fotodetector y
distinguirlas entre si. Esta caracteristica hace que estas fuentes Opticas sean adecuadas para la

lectura de sensores de fibra dptica.

En esta tesis, analizo varios métodos de lectura de sensores de fibra dptica que mezclan técnicas
multiheterodinas, técnicas multimodo y técnicas de interferometria para medir ultrasonidos y

ondas mecanicas acusticas.

Estas ondas mecanicas se producen cuando se aplican fuerzas periddicas a las estructuras
mecanicas. Esto perturba la disposicion de los atomos y puede provocar grietas o el colapso
completo de la estructura. Por lo tanto, la caracterizacion y medida de dichas vibraciones son de
gran importancia a la hora de monitorizar el estado de las estructuras y de realizar una evaluacion

no destructiva.

Esta tesis tiene como objetivo resolver este problema mediante la implementacion de varios
sistemas que emplean tecnologia basada en la luz para medir y caracterizar vibraciones mecanicas

hasta frecuencias de 1 MHz y nivel de resolucion sub-nano-deformacion (menor que 10~ ppm).

Los sistemas propuestos implican nuevas caracteristicas y parametros mas configurables en
comparacion con los enfoques mas convencionales de procesos de lectura de sensores Opticos y,

por lo tanto, ofrecen posibilidades mas amplias.

A lo largo de la tesis se presentan tres sistemas de medida:

Xii



El primero estd basado en un doble peine de frecuencias Opticas (dual comb) electrodptico que es
capaz de leer sensores de fibra dptica basados en redes de Bragg (FBG) en régimen dinamico.

Este sistema ha sido probado con una frecuencia maxima de deteccion de 120 kHz.

En segundo lugar, se presenta un sistema basado en un selfheterodyne comb acustodptico para
leer sensores de fibra con distribucion aleatoria de la rejilla en el nticleo (random grating). Este

sistema es capaz de detectar sefales de vibracion de hasta 1 MHz.

El tercer sistema presentado se basa en un doble peine de frecuencias Opticas (dual comb)
electrooptico compacto que se utiliza para leer sensores FBG de baja reflectividad con un
interferometro de dispersion. Este sistema puede detectar hasta 135 kHz de vibraciones

mecanicas.

Los resultados de esta tesis mejoran los obtenidos en sistemas anteriores a fin de satisfacer las
especificaciones requeridas hasta la fecha en esta aplicacion, tanto en el ancho de banda mecanico
como en la amplitud de la deformacion. También muestran el potencial de estas fuentes

multimodo para la deteccion optica de alta precision.

Palabras clave: sensores de fibra optica, fuentes multimodo, fuentes multiheterodinas,

combs, interferometria, redes de Bragg en fibra, random fiber grating, acustica,

ultrasonido
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1.1 Motivation

Ultrasound and acoustic emissions are two kinds of mechanical waves that propagate through
rigid structures and are subject to phenomena of fast force variation. Their study usually consists

of determining the phase and amplitude as a function of time.

This simple problem encounters a main difficulty on the small signal-to-noise ratio. This
challenge arises due to the low mechanical amplitude of such vibrations that occur at frequencies
above 20 kHz. As we increase the mechanical frequency of oscillation, the structures under study
start to behave like a low pass filter for which the higher frequencies are attenuated at a very
significant rate. For our purpose, the amplitude can reach ne (nano-strain) levels for a frequency
of 1 MHz. This level of amplitudes usually propagates just on the surface of the structure on
which we are applying the force and, therefore, they can only be detected with high sensitivity

sensing systems.

The study of the structure integrity and its health is performed in the discipline called Structural
Health Monitoring (SHM) [1]. SHM is a field that studies the integrity of a structure that is under
stress to determine whether it is safe, or it will collapse and thus be unfit for any use until
maintenance work is done. The presence of superficial cracks can also magnify the probability of
collapse of the structure under test and, therefore, the superficial vibrations can magnify the
distress of the cracks. At the same time, the cracks can increase due to periodic expansions and

contractions of the surface and thus lead to eventual break.

Electronic sensors, such as strain gauges and PZT transducers, allow point measurements that are
difficult to extend over long distances or even to operate in locations with electro-magnetic
interference or in chemically harsh environments. As a result, their use in industrial applications

is limited and their performance is highly dependent on the characteristics of the environment.

Fiber optic sensors, on the other hand, are suitable devices for these applications, as they have a
geometry that allows them to be deployed over long distances and to measure accurately and with
high resolution. More specifically, fiber Bragg grating (FBG) sensors have been used to measure
strain and temperature. They are composed of a diffractive pattern that is inscribed in the fiber
core and makes them behave like optical filters whose central wavelength (Bragg wavelength)
changes if mechanical stimuli are applied to it. There are several types of FBG sensors [2], [3]
such as uniform FBG, chirped FBG and random fiber gratings among others. The interrogation of
these sensors with optical sources makes it possible to extract their optical properties and to

measure other physical parameters applied to the sensor, such as strain or temperature.
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Optical frequency combs are sources composed of several optically coherent tones that are spaced
a certain width apart. They are a key component to generate more advanced sources such as dual
optical frequency combs [4]-[7] or self-heterodyne combs, which are multiheterodyne sources
that have an electrical mapping from the optical domain. This electrical mapping allows to extract
their attenuation with respect to the wavelength once they have passed through the optical sensor.

Thus, strain information can be extracted directly through the electrical frequency domain.

The motivation of this doctoral thesis is to measure and calibrate the small vibrations that happen
on the rigid and solid surfaces with techniques that involve special optical sources that are

multiheterodyne and optical fiber sensors, such as FBG and random fiber gratings.

Electro-optic dual optical frequency combs are flexible sources that offer advanced interrogation
of sensors whose output is based on wavelength shifting or wavelength filtering, such as FBG
sensors. In this thesis, a first FBG interrogation system with these features is presented. It allows
to properly select and adjust parameters of the multimode optical source, such as the number of
modes and their position within the reflected spectrum of the FBG, and a direct readout is
obtained. This scheme is proposed for the measurement of fast phenomena and is demonstrated

with 2 kHz vibrations and 40 kHz and 120 kHz ultrasound.

On the other hand, a compact multiheterodyne source is generated with a dual-drive Mach
Zehnder modulator [8]—[10] and this arrangement is used to interrogate weak FBG sensors with a
dispersion interferometer. The source and the sensing system are tested with up to 135 kHz

mechanical vibrations and they are calibrated against a fiber optic heterodyne interferometer.

Self-heterodyne combs are based on a feedback acousto-optic modulator that generates a comb
shifted with respect to the seed laser [11], [12]. If mixed with the seed laser they generate a
multiheterodyne signal that has the information of the optical tones. This tool is used in this thesis

to read random fiber gratings and makes it possible to detect | MHz mechanical vibrations.
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1.2 Objectives

The aim behind this thesis is to measure and calibrate ultrasonic and acoustic mechanical
vibrations by using optical multiheterodyne sources and optical fiber sensors. The main

objectives associated to this research are:

e Simulate and analyze the behavior of the multiheterodyne sources

e Develop and implement multimode multiheterodyne sources based on compact
implementation to read fiber Bragg grating sensors

e [Evaluate and compare those new techniques with more classical ones in terms of best
resolution and maximum frequency response as well as to discuss principles of operation
and their properties.

e Demodulate and extract the vibration information from sensors like uniform FBG, low
reflectivity FBG, random fiber gratings and chirp FBG.

e Implement a self-heterodyne readout for random fiber grating devices

1.3 Research context and collaborations

I would like to thank the economical supports of this work: the Ministerio de Educacion, Cultura
y Deporte (Spain) for the Formacion de Profesorado Universitario FPU2016: FPU16/03695
grant and PARAQUA project (TEC2017-86271-R), as well as the Ministerio de Ciencia,
Innovacion y Universidades (Spain), Ayudas de movilidad EST18/00617.

The means used are those of the Sensors and Instrumentation Techniques (SIT) group of the
Electronic Technology Department, University Carlos I1I of Madrid, Spain, as well as those of the
Fiber Optics Group of the Physics Department, University of Ottawa, Canada, during my research
stay.

1.4 Structure of the thesis

The structure of this thesis is organized in nine chapters that cover the whole structure from the
state of the art that is discussed on chapters two and three, simulation of the multiheterodyne

sources that is discussed in chapter four, design and characterization of the employed
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instrumentation systems discussed in chapters five, six, seven and eight as well as the discussion,

conclusions and future work that are disclosed in chapter nine.
e Chapter 1: Introduction and objectives

o In this chapter, the goals of the thesis, the motivation, and a summary of the

contributions through conference and journal papers are included.
e Chapter 2: Interferometry and electro-optic frequency combs

o This part presents the types of interferometers and their operating regimes. Those
are the key structures that will appear in the following chapters. The different
types of multiheterodyne sources that will be used throughout the thesis are also
presented.

e Chapter 3: Optical fiber and fiber Bragg grating sensors

o In this part, different fiber sensors based on a diffraction pattern inscribed in the
core are presented. Fiber Bragg gratings are shown to be a key component of the
instrumentation system for fast dynamic strain measurement. Uniform FBG,

chirped FBG and random fiber gratings are introduced.
e Chapter 4: Simulation of multiheterodyne sources

o This part shows how electro-optical topologies and acousto-optic topologies are
numerically simulated with the operating equations. Typical behavior is

discussed, and main parameters are shown.
o Chapter 5: Electro-optic dual optical frequency comb for fiber Bragg grating readout

o It presents a system based on uniform FBG sensors and an electro-optic dual
optical frequency comb. The interrogation method is proposed to detect fast
phenomena with the FBG sensor. It shows the implementation with an acousto-
optic frequency shift and the demodulation system. The experimental results
focus on the measurement of vibrations and ultrasound signals. Finally, a

generalization of this interrogation configuration is discussed.
o Chapter 6: Phase generated frequency shifted dual comb implementation

o In this chapter, a new implementation of the dual-comb architecture using
serrodyne phase modulation is proposed for frequency shifting. It is also
generalized to the use of a phase generated carrier. This chapter also shows the
working principle of multiheterodyne generation by a single device and its

characterization through reading the absorption line on an HCN cell. The

5



Chapter 1: Introduction and objectives

experiment demonstrates injective mapping from the optical domain to the

electrical domain of this new approach.
e Chapter 7: Acousto-optic self-heterodyne readout of grating sensors

o This chapter presents the readout of random fiber gratings using a self-
heterodyne comb architecture. This interrogation system is also tested with
uniform FBG. Measurements of ultrasounds are performed, and frequencies of 1
MHz are achieved. Characterization against a heterodyne interferometer is

included.

e Chapter 8: Compact interrogation of grating sensors based on multiheterodyne dispersion

interferometry for dynamic strain measurements

o This part presents the readout in dispersion regime of an FBG sensor. The sensor
is interrogated with a source generated with a dual-drive Mach-Zehnder
modulator and by means of a dispersion interferometer. It is applied to ultrasound
measurement with weak FBG by using lock-in detection. A generalization using

phase shift interferometry demodulation is also included.
e Chapter 9: Conclusions and future work

o In addition to the main conclusions of the thesis, it presents the extension
capabilities of the proposed multimode multiheterodyne technique to

multiwavelength operation.



Chapter 2: Interferometry
and electro-optic frequency

combs

"And God said, “Let there be light,” and there was light. And God saw that the light was good. And
God separated the light from the darkness."- (Genesis 1:3)
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2.1 Introduction

This chapter discusses the importance of the interferometry field and the optical frequency comb

paradigm.

Firstly, the concept of light is introduced as a tool for measuring. The interferometry field is
defined and the state-of-the-art of different interferometers are presented and discussed in terms

of characteristics and performance.

Afterward, the light sources are discussed and the concepts of broadness and wavelength
tunability are also presented. Light modulation is exposed and the relationship between

modulation and optical frequency combs is presented.

Finally, electro-optic dual optical frequency combs are presented as well as their relationship with
the interferometric systems. The injective mapping from the optical domain to the electric domain
is briefly discussed. Three additional architectures are also introduced: the pseudo-
multiheterodyne architecture, the acousto-optic self-heterodyne comb and the phase-generated-
carrier dual optical frequency comb. They are explained further in next chapters as part of the

systems designed and implemented for this thesis.

2.2 Light as a measurement tool

Light is an electromagnetic wave that can be used to measure. Like other electromagnetic waves,
it behaves as a fluctuating function with respect to space and time. The amplitude a(r) depends
on the length at which is measured (r) it has a frequency v which is absolute in all the media and
a phase ¢(r) which also depends on the position which is considered and the wavelength A. If
real-valued [1] functions are considered the plane wave monochromatic behavior can be

expressed as (1).
u(r,t) = a(r) cos (2nmvt + ¢(r)) =a cos (2mvt — 2mx/A) (M

In most cases, the light is detected by its power magnitude. Which, in the case of the eye and

regular photodetectors, is described as a square law (2).

I(r,t) = 2(u(r, t)?) (2)
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When light travels through a certain media its properties change. Those properties can be the

phase, the amplitude, the pulse width, the frequency among others [2].

On the other hand, the real function described in (1) can be expressed as complex notation (3):

U(r,t) = a(r)eJ'(P(T)ejZm/t — U(r)ejZm/t 3)

The electrical field complex notation leads to a similar expression for the power of an electrical

field (4):

I(r) = IlUMII* = U U () )

If the complex form is plugged into the general form of the wave equation, it leads to the
Helmholtz equation [1] and specifically to a very important parameter of the light which is the

wavenumber (5).

21V Q)

where v is the fluctuating frequency and c is the light speed in the medium. However, as light
speed depends on the media it can be shown that the speed is inversely proportional to the index

of refraction of the media (n) as (6).

‘o (6)

where ¢, is the speed of the light in the vacuum. Therefore, the length period known as the

wavelength is defined in (7).

1=S (7)
%
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2.3 Optical interferometers

Interferometry is the science field that uses light and makes it interfere to recover phase
difference between two or more light beams. The process of superposing the beams is dependent

on several conditions. The most important are:

e The wavelength of the beams
e The polarization of the beams
e Physical and time-domain position overlapping

e Optical time coherence and space coherence

An interferometer is an instrument that divides the light into two or more beams that travel along
different optical paths, and which are finally merged into one beam that has the information of the
optical paths’ differences. Any imbalance between the arms is translated to an optical phase

difference and, therefore, analyzed through the characteristics of the interferogram.

An interferometer can be implemented in either free space, in-fiber, or a mix between both. The
main difference is the speed of the light in the medium which in the case of the fiber is near 1.5

times lower than the vacuum case.

If the interferometer is mounted in free space and the interference is projected on the wall optical
fringes can be seen with the naked eye. In Fig. 1 concentric circular fringes can be seen of a free-

space Michelson interferometer mounted in the laboratory.

The fringes change their intensity if a certain perturbation is applied to one of the interferometer

arms. Therefore, clear fringes become dark and vice versa.

v

N

Fig. I Interference intensity of a free space interferometer projection taken in the laboratory (free-space Michelson

interferometer in 655nm of wavelength,).

The interference result is the intensity detected and it is a function of the input optical power and

the phase difference between the arms. The detected intensity [3] is of the form of (8):

10
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I = 11 + 12 + 2“1112005 (¢) (8)

where I, and I, are the intensities of the light in the first and second arms of the interferometer.
On all the implementations, we can distinguish either homodyne or heterodyne behavior of those
metrology instruments. For illustration purposes, if lineal phase modulation is applied over a
Mach-Zehnder interferometer a response as the one depicted in Fig. 2 is obtained. And now the
fringes can be counted in the time domain (x-axis of Fig. 2) instead of the spatial domain as stated
before. The dashed line is the phase modulation applied to the interferometer and the continuous
line is the intensity variation of the output of the Mach-Zehnder interferometer. Fringes passing

velocity is related to the velocity of phase modulation (slope of the dashed line).

1 : ‘ . :
s I
r
0.6 y
0.4~ " 1
30.2‘ v
<
z ¢ / |
50,2 A .
50.4 Y 4
0.6 ¥ (
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| RN /
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Time (ms)

Fig. 2 Mach-Zehnder interferometer response to linear phase modulation for a single-mode fiber implementation.

Dashed line: phase modulation, continuous line: the optical intensity output of the interferometer.

2.4 Types of optical interferometers

The Mach-Zehnder interferometer is based on an optical source that is split into two optical paths
and afterward, it is merged into one beam utilizing a physically different optical coupler [4]-[6].
The in-fiber implementation can be seen in Fig. 3. The coherent source is split into two beams of
equal power employing the first beam splitter then, each beam is directed into its correspondent
optical fiber. Both beams are merged into another beam splitter and finally, they are photo

detected in the same photodetector.
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Fiber delay

| E@2
v’ \ \ w;

Light i
source B i Beam splitter
eam splitter Photodetector

Fig. 3 Mach-Zehnder interferometer; scheme implemented with fiber optic components

On the other hand, in the Michelson interferometer [5], [7]-[11] the same beam splitter is used as
a splitter and as a merger at the same time. This reduces the cost of the system. The light is
inserted into the splitter, and it is split into two arms with different lengths. Afterward, the light of
each arm is independently back-reflected on the terminal reflector placed at the end of this fiber.
Finally, it is merged and mixed in the photodetector. It is noteworthy, to observe that the light

travels twice the optical fiber as it is reflected by the reflective terminals.

Light Fiber delay

source

$5

Beam splitter Reflective

NG terminal
s >

I Reflective
Photodetector terminal

Fig. 4 Michelson interferometer in-fiber implementation

In general, white light interferometry refers to the process of obtaining interference signals from
sources that are partially incoherent or have very small coherence. Experimentally it can be
shown that the broader the optical bandwidth of the source the more difficult it is to make it
interfere. As the coherence length of the source decreases, the path difference of the

interferometer needs also to be decreased to obtain an interference signal of good quality.

12
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Particularly, the Michelson and Mach-Zehnder interferometers [15] have the difficulty of exact
path matching. However, they are very useful instruments, especially on dispersion measurements
[16], [17]. To overcome the disadvantage of fiber balancing interferometers a free space
translating stage can be used and considering the pathlength factor difference due to the index of

refraction of the air with respect to the fiber.

2.4.1 Interferometer operation regimes

Each interferometer can work in different regimes. We classify them into homodyne, heterodyne,
pseudo-heterodyne and multi-heterodyne. That means that a different response to perturbation is
achieved depending on the controllable parameters. Those parameters are mainly the frequency

modulation, the wavelength, the optical phase modulation and the frequency shift.

When no frequency modulation is applied, both optical paths have the same optical frequency.
Therefore, the optical phase difference will be determined by the path difference and the
wavelength of the light beam A as seen in Fig. 2. Therefore, we obtain (9), where d is the path
difference of the interferometer. This interferometer will be considered in homodyne regime.

2nd 9
I = 11 + 12 + 2\/11]2(:05 (T) ( )

On the other hand, if frequency difference is imposed between the arms of the interferometer the
phase difference will fluctuate with time [18], [29]-[32]. We can obtain (10). This interferometer

will be considered in heterodyne regime, also named heterodyne interferometer.

[=1+1,+2/LLcos 2u(f, — f,)t + ¢) (10)

If the frequency shift is imposed using a piecewise constant derivative phase modulation (saw-
tooth signal) a pseudo frequency translation happens. And the response will be similar to (10).
However, the limitations on the piecewise negative slope may distort the frequency shift
generating a sideband signal with respect to DC [33]-[35]. This interferometer will be considered
in pseudo-heterodyne regime, and it is also named pseudo-heterodyne interferometer in the

literature.

13
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When injecting two wavelengths into an interferometer several considerations can be made. If
they are close enough for the frequency difference to lie inside the detector bandwidth, we will
see the frequency difference as a harmonic in the electrical domain. This is the case of the
heterodyne interferometer case explained before. However, if another wavelength is injected into
the interferometer and both wavelengths are heterodyned at different frequencies [36], an

expression of the electrical frequency can arise (11).

I =a+aq;cos 2ruAfit + ¢1) + aycos 2nAfot + ¢,) (1D

where Af | and Af, are the heterodyning for the first wavelength and the second wavelength.
However, an interesting generalization arises if multiple wavelengths are coherently inserted into
the interferometer. Each pair of wavelengths, whose frequencies are f; and f;, will generate an
electrical signal with frequency the difference between both (f; — fj), which can be easily

detected in a photodetector with sufficient bandwidth.

Therefore, the expression that arises is of the form of (12). [37], which has intrinsically the

information of the optical powers of both wavelengths I;1;, as well as the optical phase difference

between both 27T(fi — f])t + @i

(12)

I Z JTicos (2n(f. - £t + ;)

i=1,j=1Vi#j

The important consequence in this generalized formula is that the optical phase change between
optical tones is readable by the electrical phase and the optical amplitude I;1; is readable from
electrical amplitude. The process that generates this intensity is often called a “beat” of tones or a

mix of tones.

More generally the multiheterodyne process consists of multiple pairs of tones that generate a
beat in the electrical domain and therefore constitute an electrical mapping of each independent

pair of modes.
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2.5 Optical frequency comb spectroscopy

Spectroscopy is the science field that determines the interaction of any electrical field with the
media. This is intended to measure media properties. Those can be a strain, temperature, pressure,

index of refraction, concentration, length among others.

For performing spectroscopy, we can inject all of the understudy wavelengths (frequencies) into
our sample and read all that data with an optical spectrum analyzer (OSA). The broadband
sources are devices that continuously generate those wavelengths, they are not coherent, and they
do not interfere typically unless path matching conditions are fulfilled. If detected with a
photodetector, all the wavelengths are integrated as a unique electrical signal and no distinction

can be made between each one of the wavelengths.

Tunable laser sources can be used to do spectroscopy as they allow us to sweep over a certain
interval of wavelengths by just changing a certain controlling input. Therefore, a relationship
between time and wavelength can be found. This allows us to determine the media behavior to the

wavelength and therefore it allows us to perform spectroscopy techniques.

Fig. 5 shows the typical behavior of a tunable laser for illustrating purposes. As the current

increases the wavelength increases as well.

Power (dBm)

1560 1561 1562 1563 1564 1565 1566 1567
Wavelength (nm)

Fig. 5 Response of a VCSEL as a tunable laser: wavelength versus injection current. Lower wavelengths correspond to
lower injection current and higher wavelengths correspond to higher injection currents. Current swipe from 2 mA to 14
mA. The total span is 6 nm.

The optical frequency comb [13]-[17] is a set of tones that are equally spaced along the spectral
axis. As a result, several wavelengths are spread over the optical domain. Those have their
frequency amplitude and optical phase. It behaves conceptually as a broadband source however it
is composed of a set of discrete wavelengths that are uniformly distributed over the optical
domain. The photodetection process is known to be proportional to the square of the electrical

field. Hence the detection leads to the cross beat between each mode with the other ones.
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Therefore, the electrical frequency domain is a lateral band with respect to DC. The arrangement
of the lines is represented in Fig. 6 a) in the case of the optical domain, and Fig. 6 b) in the case of
an electrical photo-detected signal. Optical frequency combs can be generated in a huge variety of
ways: Micro-resonator based [38], [39], Gain switching [40], [41], mode-locking [42], electro-
optic [43] generation, acousto-optic combs [44], etcetera. However, the most used in this thesis is

the electro-optical comb, which has several advantages that will be discussed in further sections.

a) Optical
spectrum
A

b) Electrical

i

f(Hz)
Fig. 6 Optical frequency comb in the optical domain of wavelengths a) and electrical domain b).

2.5.1 Optical frequency comb generation

I. The (phase) electro-optic modulator

The phase electro-optic modulator is a device usually made of lithium niobate compounds. And
allows the output light to be shifted in phase a certain amount which is controllable by the
electrical input signal. The change in phase on the output electrical field can be expressed as a
formal multiplication between the input electrical field phasor and a unitary phasor that is phase-

shifted a certain amount (13).

E,(t) = E; (t)(ej¢1(t)) (13)

The output field has ideally the same amplitude as the input one however is shifted according to

(14):
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mglV(t) V()
A

$.(8) = (14)

where n is the refractive index, r is a constant which depends on the material, L is the length of
the active area of the device, 4 is the wavelength of the input light beam, D is the separation
between the electrodes and the modulation pins and V (t) is the arbitrary function applied to the

modulation pin of the device.

II. The (amplitude) Mach-Zehnder modulator

The amplitude modulator or Mach-Zehnder modulator is an electro-optical modulator that
transforms internally changes of phase electrically induced to changes in amplitude. They are
built internally as Mach-Zehnder modulators that allow a transformation of phase modulation

electrical field of one of the arms into amplitude modulation.

The output field E;(t) is split into two electrical fields of equal amplitude and then one is phase
modulated (e/$1(®) term of (15)) and the other is not modified (unitary term of (15)). Finally, they

are added together. This process is done according to (15):

1— t j(1+¢:(®)
;bl( ) E®e 2 (s)

1 )
E (t) = 5(1 + e/P1O)E(t) = cos

where ¢4 (t) is the phase modulation described in (74).

I11. The dual-drive Mach-Zehnder modulator

The dual-drive Mach-Zehnder modulator is a much more general device it allows phase and
amplitude modulation at the same time in a single device. It is built like an amplitude modulator
but with both arms available for phase modulation. Therefore, the output signal is equal to the
input signal multiplied by the sum of two phasors each one representing the process of splitting

the signal into two beams then, the independent modulation phase ¢4 (t) and ¢, (t).

1, . .
Eo(t) — E (el¢1(t) + e]¢2(t))Ei(t) (16)
H(b1(D+¢2())
By manipulating (16) with the common factor e 2 we can obtain the general form of

simultaneous phase and amplitude modulation as (17).
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j(P1()+2(1)) ¢1(t) — P,(t)
2 cos

E)(t)=e >

E;(t) = A(t)E;(t)e/¥® (17)

where the phasor A(t)e/¥® is modifying the field phasor E;(t).

IV. Relationship between optical frequency combs and modulators

The relationship between optical combs and electro-optic modulators lies on (18) for the
particular case in which the phase modulation ¢, (t) is a periodic function of period 1/w,, and
E;(t) is a periodic function. Considering the Jacobi-Anger expansion [45], (18) is the harmonic
decomposition of a phase-modulated complex phasor. Therefore, it can be shown that infinite

modes are generated of J,,(z) amplitude each.

(o) (o) (o) 1 2 k
2 si - (Y (-37)
izsin(8) — inf _ _ in@ (18)
¢ Z Jn(z)e Z (22) ;k!r( k1)

n=—oo n=—oo

However, in practical cases, as n tends to infinity and z is a real number greater than zero, the
value of J,(z) is very low compared to the low-order harmonics. And consequently, when
reading with an optical spectrum analyzer, the harmonics lie below the noise floor leading to a
finite width optical frequency comb. I'(x) denotes the Gamma function. The numerical values of

Jn(2) can be seen in Fig. 7.

*— Q0 order Besselfunction
—+&— 1 order Bessel function
2order Besselfunction
—&— 3 order Bessel function
77777 4 order Besselfunction
—»—borderBesselfunction
—&— 6 orderBessel function
—<— 7 order Bessel function

Amplitude Jn(z)

4 5 6
Modulation deepth (2)

Fig. 7 Bessel functions of the first kind, order n and argument z.

Similarly, if we measure the relative amplitude of the optical modes of an optical frequency comb
with the optical spectrum analyzer and we can see that there is a correspondence between the

theoretical values from Fig. 7 and Fig. 8. The zeros of the experimental obtained Bessel functions
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are at 28 dBm, 32 dBm and 35 dBm, for the first, second and third-order of the first kind Bessel
functions, which correspond to z=2.4, z=3.9 and z=5.1. Hence, using (20) and assuming a
matching impedance of 502, the V,; of the EOM can be calculated as approximately as
V; =2.35V. Note that the amplitudes of (15) are always positive and the 1% mode corresponds to

the 0 order Bessel function.

—&— 1stmode

09 \q —%—2ndmode | |
AN — — —3rdmode

08f A athmode |
\ —bB— 5thmode

07} N —0—6thmode |
AN —<— 7thmode

Normalized amplitude

18 20 22 24 26 2 3 3 34
Modulating EOM power (dBm)

Fig. 8 Measured amplitudes of an optical frequency comb in terms of the phase modulating signal.

Another functional relationship may be established between dual-comb interferometry and two-
wavelength interferometry. The arbitrary electrical field amplitude and phase of each tone are
obtained in the electrical domain as an electrical tone for each pair of optical tones [36]. Fig. 9
shows a conceptual equivalence between the multimode multi-heterodyne source. Each pair of
homolog tones can be seen as an individual generation entity as a heterodyne interferometer.
However, the main difference is that the electro-optic dual optical frequency comb does not have
an arbitrary phase and amplitude. Therefore, the amplitude of the generated tones depends on the

phase sideband generation signals.
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Fig. 9 Functional implementations of multiheterodyne source into a photodetector.

2.6 The electro-optic dual optical frequency comb

A dual optical frequency comb is an extension of the use of an optical frequency comb. Two
combs with different repetition rates and different central frequencies are overlapped and are
made to interfere to obtain a multi heterodyne source. The concept is similar to the dual-
wavelength interferometry described in the earlier section. However, the main difference is that in
the case of dual combs several optical tones are overlapped and heterodyned with respect to its
homolog on the other comb. The process is done by steps and in the electro-optic case, it is done
with a seed laser in a continuous wave domain. The light beam is divided, one of the beams is
shifted with respect to each other and then modulated for the comb generation. Finally, the beams
are merged, and the resulting signal is photo detected. This procedure is depicted in a scheme in
Fig. 10. The acousto-optic modulator (AOM) does the shifting process. And the comb generation
is done by the electro-optic modulator [46], [47].
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Fig. 10 Classical architecture of electro-optical dual optical frequency comb.

The output of the dual optical frequency comb is the overlap of two combs that are slightly
shifted from each other and they have different repetition rates Fig. 11 a), this provokes that the
frequency of each pair of homolog tones has different frequency separation which coincides with

the electrical mapping frequency Fig. 11 b).

A
Optical
power a)
4 }\
Electrical A A A A A A A b)
power Fr1r1r1ririi
I I O I | >
f(Hz)

Fig. 11 Multi heterodyne process a) optical spectrum of a multiheterodyne source b) electrical spectrum of a
multiheterodyne optical source.

There are several parameters that have to be considered when generating the dual optical
frequency combs, which are depicted in Fig. 12, where fp,1 is the frequency of the modulation of
the first electrooptic modulator, fp,, is the frequency of the modulation of the second
electrooptic modulator, fgp;r. 18 the frequency shift imposed by the acousto-optic modulator and
fo is the frequency of the laser seed.

21



Chapter 2: Interferometry and electro-optic frequency combs

In Fig. 12 a) we can observe two optical combs generated at different frequency rates and with
the same center frequency. In Fig. 12 b) we can observe two optical frequency combs at different
frequency rates and with different frequency centers. It is noteworthy to mention that fomi — fom2

<< Afpmi, fpm2 and fonin << fomi, fom2 to achieve an unambiguous mapping process.

Finally, in Fig. 12 c) we can observe the electrical image of the combs depicted in Fig. 12 b).The

separation between the electrical modes coincide with fpm1-fpm?2 value.
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Fig. 12 Representation of the multiheterodyne process that happens in the dual optical frequency comb generation.

The response of those kinds of systems are similar to the one depicted in Fig. 13. In Fig. 13 a) it is
shown the optical response of a dual comb implementation in black line and in red line it is
shown the seed laser that is used to generate the optical source. In Fig. 13 b) it is shown the
electrical response of a dual comb implementation. By injecting the optical source (Fig. 13 a))
into an absorption sample we can recover the shape of that absorption by just registering the

amplitudes seen in the electrical domain (Fig. 13 b)).
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Fig. 13 Typical response of a dual comb multiheterodyne source implementation.

2.7 The pseudo-multiheterodyne architecture

When using just two electro-optic modulators we can inject another modulating signal in order to
generate a pseudo carrier in electrical domain. That is done with a sawtooth signal applied to one
of the electrooptic modulators. The system can be seen in Fig. 14. It is composed by a laser
source that generates a light beam that is split into a Mach-Zehnder interferometer whose arms
are modulated in phase by two sinusoidal signals at different frequency rates and a sawtooth

signal.

fomz fshife

Laser EOM

PD

|
e

Fig. 14 Setup of a pseudo-multiheterodyne source.

EOM

The behavior of the optical modes is depicted in Fig. 15 a) and the electrical mapping is depicted

in Fig. 15 b). The frequency of the electrical carrier is determined by the parameters of the
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sawtooth signal applied to one of the arms of the interferometer. It is noteworthy to mention that

fpml - fpm2<<fshift-
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: : >}shiflté I prml - fpmz
fpml_fpmlz
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Fig. 15 Scheme of the position of the optical lines of a pseudo-multiheterodyne setup a), position of the electrical lines

in the pseudo-multiheterodyne source b).

2.8 The acousto-optic self-heterodyne comb

This arrangement consists of feedbacking an acousto-optic modulator to generate a set of optical

tones spaced an amount equal to the modulation frequency of the acousto-optic modulator. The

setup is shown in Fig. 16.
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Fig. 16 Setup of an acousto-optic self-heterodyne comb.
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The behavior of this kind of multiheterodyne sources consist of an optical comb that is mixed
directly with the optical source. This process is shown in Fig. 17 a) in optical domain and in Fig.
17 b) in electrical domain. In this case the multiheterodyne beat does not happen between two
optical combs but between an optical comb and the optical line of the seed laser. In this case the

optical spacing and the electrical spacing is the same in both cases.

| ] ke

(a)

-

!
faom 2faom 3faom Nfaom
Fig. 17 Position of the optical modes of a self-heterodyne acousto-optic comb a), position of the electrical mapping of a

self-heterodyne acousto-optic comb b).

2.9 The phase-generated-carrier dual optical
frequency comb

The phase-generated-carrier (PGC) demodulation of an interferometer is intrinsically a multi-
heterodyne structure [18]. On the other hand, the main carrier can be used as a frequency shift,
similarly to the pseudo-heterodyne architecture. The PGC dual comb is generated by two signals
of different frequency applied to a dual drive Mach Zehnder modulator and by a third signal
applied to the seed laser that slightly modulates its frequency. This process is shown in Fig. 18.
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Fig. 18 Setup of the PGC dual comb.

In this case the repetition rate of the laser modulating signal determines the electrical frequency
rate at which the comb is repeating in the electrical domain. While the frequency difference
between the phase modulator signals is determining the electrical spacing of the lines of each
comb image. This process is shown in Fig. 19 a) in optical domain and in Fig. 19 b) in electrical

domain. It is noteworthy to mention that f,;m1 — fpm2<<fsnift-
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Fig. 19 Position of the optical modes of a multiheterodyne PGC comb a), position of the electrical mapping of a
multiheterodyne PGC comb b).
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2.10 Conclusions

This chapter summarizes the basic concepts of optical interferometry, optical frequency combs,
and multiheterodyne detection as the tools that we used in this thesis. We have presented the field
of interferometry and its application to generate optical frequency combs and multimode
multiheterodyne sources based on dual-comb techniques. All those optical sources allow
wavelength spectroscopy, and they are the key components in the next chapters for interrogating
fiber optic sensors, such as fiber Bragg grating sensors and random fiber grating sensors. High

throughput systems are going to be presented that can detect fast phenomena.
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“There are only two ways to live your life. One is as though nothing is a miracle. The other is as

though everything is a miracle.”- Albert Einstein



Chapter 3: Optical fiber and fiber Bragg grating sensors

3.1 Introduction

This chapter presents a general overview of the optical fiber and the fiber grating sensors. We
comment on the basic physical morphology of the optical fiber and the roles of absorption and

dispersion in the optical fiber.

Afterward, we briefly introduce the fiber grating sensors, the different kinds of diffractive
patterns and their different behavior in terms of absorption and dispersion for the basic

interrogating types.
We finally discuss the concept of depth penetration in chirped kind fiber Bragg grating sensors.

All these concepts are used further in the thesis and their importance arises when we combine

them with the tool of the optical frequency comb, as they are discussed in chapters 5, 7 and 8.

3.2 Optical fiber

Optical fiber is a geometrically cylindrical component that allows the light to travel and be
confined through a determined optical path it is composed of cladding and a core [19], [20]. Both
have a different refractive index, which is greater in the case of the core and smaller in the case of
the cladding. As seen in Fig. 20. We use single mode fiber along all the thesis implementation
and step index fiber. This fiber type is propense to the polarization changes of the light and
therefore all the setups should be placed on a stable optical table and to contain a polarization

controlling unit.

ny, >n,

Fig. 20 Geometrical scheme of optical fiber.
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When light travels through a medium the power of the electrical field is diminished as it travels in
the media due to the inhomogeneous structure of the material. This coefficient is assumed
constant and is expressed as (19) and it is known as attenuation

= 1l P(O) 19
a_LogloP(L) (19)

where P(0) is the power at the beginning of the media, in this case, the optical fiber and P(L) is
the optical power at the length L of the fiber.

Moreover, when light is traveling along optical fibers, it is affected by attenuation and dispersion.
Attenuation affects the amplitude of the electromagnetic wave while dispersion acts on the group
velocity of each wavelength component of the light beam. If a light beam is modulated in
amplitude and injected into an optical fiber as a pulse stream, the pulses spread by consequences

of the difference of group velocity between wavelengths.

There are mainly four types of dispersion [21]: Modal dispersion, material dispersion waveguide

dispersion and nonlinear dispersion.

e Modal dispersion: it happens on multimode fibers due to differences in the group
velocities of each one of the traveling modes.

e Material dispersion: in which the refractive index is a function of the wavelength

e Waveguide dispersion: it is dependent on the morphology of the core. Even though the
material is nondispersive, the ratio between the wavelength and the radius of the optical
fiber induces delays on each particular wavelength.

e Nonlinear dispersion: it happens when the power of the light is so high that the index of

refraction depends on the input power.
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Fig. 21 Spreading of an optical pulse along a longitudinal section of an optical fiber caused by dispersion.
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The effect of dispersion can be seen in Fig. 21 At represents the time domain broadness of an
optical pulse. At; and At, represents a wider broadness after the pulse has travelled a certain path.

Let be X(jw) the Fourier transform of the input optical signal x(t) and H(jw) the Fourier

transform of the optical transfer function of the optical fiber.

If the bandwidth of the carrier signal is small we can accurately approximate phase as a linear
form with respect the pulsation by (20) if the bandwidth of the input signal is narrow enough [21],
[22]:

arg(H(jw)) = p(w) = —¢ — wa (20)

where arg() represents the argument, —¢ is the initial phase and —wa is the pulsation-dependant

term.

By convolving the input signal with the optical transfer function of the fiber. We obtain:

Y(jw) = X(jw)H(jw) = X(jw)||H(w)|le/*)

= X()HG) e ®eo% = F(x(t - a)IHG)le®

where a is the group delay of the media; in this case, the media is an optical fiber. It corresponds
to (22):

dy(w)
dw

d
Tg=—g-arg (Hjw)) = — (22)
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Consequently, as the phase is performed on every time dependence in function x(t) oscillatory

part of x(t) is delayed in time Tppqge

arg (H(jw))
w

Tphase = — (23)
If x(t) = a(t)cos (wt + 0). The output will turn into y(t) = ||[H(jw)|la(t — 74)cos (w(t —

Tphase) + 0) if a(t) variation is slow enough compared to w.

Tg0r « is therefore an important parameter that shows how much delay is produced over the

optical pulse expressed per units of wavelength.

3.3 Fiber Bragg grating sensing

Fiber Bragg Gratings sensors are in-fiber devices fabricated by inscribing a refractive index
pattern into the optical fiber core [2], [3]. An ultraviolet light beam sets a periodic pattern into the
fiber that is photosensitive to those ultraviolet wavelengths. This is done with the purpose of
inscribing different interfaces of refractive index in the core of the photosensitive fiber [23]. Each
pattern has its typical refractive index. That periodic pattern affects the wavelengths that can
travel forward through the fiber and thus, the wavelengths that are out of that particular set are

back-reflected towards the input light source. This is seen in Fig. 22.

Light
source

Transmitted light

Fig. 22 Diagram of the different interfaces of an FBG sensor.

The FBG is in fact also a sensor as, if we apply strain or temperature, it will affect the intra-
grating properties and therefore this change will be translated to changes in the optical back-
reflection properties. Therefore, the optical bandwidth that is going to be reflected backward
depends on the properties of the grating and the environmental parameters to which the sensor is
exposed.

The first order Bragg condition states that the central wavelength at which the grating is reflecting

is determined by the grating spacing as [2], [24]:
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Ag = 2nA (24)

where n is the effective refractive index and A is the grating spacing. The Bragg wavelength Ap,
is the central wavelength of the back-reflected optical bandwidth.
The FBG Bragg wavelength depends on the index of refraction and the intra-grating distance or
grating spacing.
If we calculate the total differential of (24) with respect to the temperature and the axial strain, we
arrive to (25):

51y = 2 ((dﬂ) dl + dn—AdT>

dl dT
(25)

2( dAAl + /ldnAl +AdnAT + dAAT)
dl dl dT aT
where dl is a differential of length and dT is a differential of temperature. We can observe two
contributions.
The first term represents variations of the Bragg wavelength with respect to the strain applied to

the sensor as (26).

1dA 1dn (26)
62.3,5 = /13 (ZEAZ + Haﬂl) = a){B &

where «a is the relative strain sensitivity of the fiber Bragg grating sensor.

Similarly, for temperature, we obtain (27):

1dn 1dA

Shsr = Ap (;ﬁAT + ZﬁAT) = (Br + B)Ag AT o7

where [ is the termo-optic coefficient and f, is the temperature expansion coefficient. In
conclusion, FBG can be used either as strain sensors or as temperature sensors [23], [25]-[28].
Different kinds of FBGs have different properties according to their refractive index distribution.
Their back-reflection response depends on the intra-grating space distance distribution as well as

the index of refraction of the material.

3.4 Uniform FBG

If we consider a typical fiber Bragg grating formed with several layers at different refraction

indexes we can express the index of refraction in terms of a mean value 7y and a variation of that
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parameter with respect to the optical axis (z-axis) of Any one can define the index of refraction in

terms of the space as (28):
L 21
n(x) = ny + 4Anycos (72) (28)

Any is in the range from 0.00001 to 0.01. All those variables are represented in Fig. 23.
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Fig. 23 Morphology of a uniform fiber Bragg grating.

The reading process of the FBGs can be done either with a broadband source and an optical
spectrum analyzer, to have the relationship of power with respect to the wavelength, or with a
tunable laser and a photodetector, as the wavelength is translated to the time axis. In Fig. 24 we
can observe the typical response of an FBG device interrogated by a broadband source or by a

tunable laser.
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Fig. 24 Back- reflection response of an FBG sensor interrogated with a broadband optical source or a tunable
laser. BBS: Broad Band Source, TL: Tunable laser, PD: photo-detector.
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The typical interrogating system for an FBG is seen in Fig. 24. The light is back-reflected and the
beam is separated from the incident light using a circulator. Finally, the light is analyzed with a
PC knowing that the relationship between the time-mapped-power of the sweep and the optical

wavelength is linear.

The typical FBG reflection response of Fig. 25 a) is based on VCSEL. In the same picture appears
the Bragg wavelength that is placed at A5=1541.21nm. The green trace represents the first
derivative of the curve, and it can be used to spot the maximum slope points of the curve at
1541.1nm and 1542.3nm approximately. This trace can be used for different kinds of FBG
measuring techniques [29], [30].
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Fig. 25 Reflection response for a Fiber Bragg Grating illuminated by a tunable laser a) mathematical model data for
optical domain b) experimental data recorded using a tunable laser.

To complete the analysis, a model is presented and depicted in Fig. 25 b). It responds to the
equation (29). This model is presented for one lobe in [31] however here we show how we can

extend it to the number of lobes (N) of the FBG:

A—ABi)z

N
Ro(1) = Z R; - e_4'ln(2)'< A2
i=1

(29)

R; is the maximum reflectivity of the i-th lobe, Ag; is the central wavelength of the i-th lobe and
Alp; is the full-width half maximum of the i-th lobe. Finally, N is the number of lobes considered
in the model. The equation is stated assuming that the FBG has a finite number of lobes that

behave each as a Gaussian curve.
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The 3-lobe approximation reduces the error introduced into the model by 20% compared with the

one-lobe approximation.

For N =3 i=1 i=2 i=3
R; 0.2 W/W 1 W/W 0.15 W/W
Agi 1540.95 nm 1541.12 nm 1541.49 nm
Adg; 0.15 nm 0.2 nm 0.15 nm

Table 1 Parameter table for the FBG model

Table 1 shows the parameters used to simulate the behavior of the FBG absorption shown in Fig.

25 a).

Another approach of reading FBG sensors consists of using an optical line placed in the slope of

the reflection profile of the FBG. This produces for every displacement of the FBG an amplitude

modulation of the optical line. In Fig. 26 we can observe how a variation of the optical

Small Bragg
wavelength shift

Linear zone of the
FBG response

Intensity modulation
of the laser

A Narrow linewidth
| laser emission

Fig. 26 Diagram of a single line reading process of an FBG sensor.

\
Wavelength

wavelength of the optical fiber is translated to intensity modulation.

37



Chapter 3: Optical fiber and fiber Bragg grating sensors

3.5 Chirped FBG

Contrary to uniform FBG sensors, we consider the chirp FBG [32]-[34]. Those devices have a
variable intra-grating space A with respect to the longitudinal axis (z-axis). This means that the
variation of the refractive index is performed with an acceleration in the space frequency.

Therefore, the space period of n(x) varies with space as (30):
2m
nx) =ny + Anocos(A— (az)z) (30)
0

where « is a variation constant of the grating with respect to the z-axis (term az). Therefore, the
intra-grating spacing is not a unique and constant magnitude in those devices. In Fig. 27 the

morphology of the device is shown with all the related parameters.

Light

Fig. 27 Morphology of a chirped FBG.

In the case of a chirped FBG, we can see that the phase variation of wavelength has an
acceleration with respect to the wavelength. Therefore, the dispersion is not a straight line as in
the case of the uniform FBG and therefore it is a parabolic function that has its minimum at a
certain wavelength where the phase reference is imposed. In Fig. 28 the reference is imposed at

80% of the chirped FBG and therefore the phase begins to fluctuate at an increasing rate.
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Fig. 28 Dispersion response of a chirped FBG sensor (direct spectra).

If we accumulate the phase of the spectral response, we obtain the quadratic relationship of Fig.

29 which relates the wavelength with the associated dispersion.
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Fig. 29 Dispersion response of phase versus wavelength.

FBGs have been used also for dispersion compensation in optical link systems. This means that
the phase that each wavelength is delayed and therefore the broadening process of the pulses can
be compensated. In Fig. 30 a) we can observe the dispersion response of a uniform FBG sensor.
The number of radians the phase is shifted with respect to a reference wavelength is an indicator

of dispersion. In Fig. 30 b) the phase dispersion is represented in terms of the wavelength.
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Fig. 30 Dispersion response of the FBG sensor. a) direct dispersion readout, b) dispersion response with the
wavelength.

3.6 Random fiber grating sensors

A particular case of grating sensors is the random fiber grating sensor. This kind of sensor has a
diffractive pattern whose index of refraction is random with respect to the length therefore no
deterministic value can be extracted before fabrication as seen in Fig. 31 [35], [36]. This fact

leads to a random reflection response with respect to wavelength.

Light ﬁ

v

Fig. 31 Morphology of random fiber grating sensors.
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Compared to the uniform FBG sensors, random fiber gratings have a spectrum that is degenerated
compared to the Gaussian shape one, obtained in the case of uniform FBGs. However, the
dependence between the position of the optical transfer function on the spectra axis with the strain

applied to the FBG remains true. This can be demonstrated as the correlation peak shifts with

Power (dBm)

1 1 1 1 1 1 1

1480 1500 1520 1540 1560 1580 1600 1620
Wavelength (nm)
respect to the wavelength if the strain is applied to the sensor.

Fig. 32 Reflection profile of a random fiber grating sensor.

Another characteristic is that the back-reflection can be about -30 dB compared to the input to the
sensor. This makes it very challenging to obtain a high sensitivity in the sensor.

Another difference between this sensor and the uniform FBG is the wavelength broadness of the
random function. In the case of the uniform FBG, it is of the order of 0.2 nm while in the random
fiber gratings can reach 200nm-300nm width. This can constitute an advantage compared with
the FBG sensors as it allows an easier aligning process between the optical response of the sensor
and the reading laser wavelength. This can be useful if several sensors are used. In Fig. 32 it can

be observed the reflection profile of a random fiber grating sensor.

3.7 Concept of penetration depth

When irregular strain or temperature is applied to an FBG sensor the distance between each pair

of interphases change accordingly to (31) which is a manipulation of (24)
Ag(2) = 2n(2)A(2) (31)
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As neither the index of refraction n(z), nor the intra-grating spacing A(z) is constant in each
Ag(2) is back-reflected at a different value of depth z therefore the characteristics of each
wavelength are associated with a particular length and therefore it is linked to a distributed
measurement. That effect is directly related to the chirped FBG; however, it can be induced in a
uniform FBG if a gradient perturbation is applied to the sensor. It is because each dl and dT
applied to each dn(z) and dA(z) are not constant as they depend on variables that are position-

dependent as can be seen in Fig. 33.

# ﬁ

T
eor de, # de,
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deq or dTy for the same
> dz

V4

Fig. 33 Gradient magnitude applied to an FBG sensor (In dashed line can be seen the initial position of the grating).

A very important relationship arises, which is the relation of the depth penetration with the
wavelength of the FBG. This concept relays on either the dispersion of the FBG or its reflectivity

to determine z (A1) and therefore the position with respect to one side of the diffractive structure.

The reflection-based calculation is the easiest approach as z coordinates can be obtained from the

back reflection response R(4) of the FBG [3] as shown in (32).

@ L, 2n (4
z(W) = —=
2 (mdn)? Jy o= _1)2)

—In(1—-R@A))dA (32)

where L Is the length of the grating, n is the refracting index, An is the variation of the refractive

index and R (A1) is the response of reflectivity with wavelength.

For the phase-based calculation one can relate the wavelength with the penetration depth. This

way we use the dispersion profile of the non-uniform FBG as (33).
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The important aspect is that the relationship (33) is dispersion dependent (% term) [3] therefore if

the dispersion (group delay) does not vary (% is constant) no penetration depth can be associated
to wavelength. Therefore, on a uniform FBG whose strain application field is constant, no
penetration depth can be found. Therefore, the density of passing fringes has to vary with the
wavelength to be able to associate each z(A) to a particular wavelength.

A2 >dq§

amn ) dn (33)

z(A) = —(
where A is the wavelength, n is the refractive index and ¢ is the accumulative wavelength in the

wavelength interferogram.

3.8 Conclusions

In this chapter, the main physical parameters of fiber Bragg grating sensors were presented. The
optical fiber and the optical fiber sensors are devices that allow the confinement of the light and at
the same time provide a durable solution for harsh environments as in chemical or radioactive

media.

Fiber Bragg grating sensors are devices that behave as optical filters in wavelength domain. Their
center wavelength (Bragg wavelength) changes accordingly if strain or temperature is applied to
them. Uniform fiber Bragg gratings, chirp fiber Bragg gratings and random fiber grating sensors

have been presented in this chapter.
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Chapter 4: Models and simulation of multiheterodyne sources

4.1 Introduction

This chapter describes, in a simplified way, the process of electro-optical dual-comb modulation.
We present the general approach for a classic architecture of two-phase modulation stages with a
frequency shift, as well as a full phase modulation-based architecture. Finally, the acousto-optic

self-heterodyne approach is also included.

We comment on phase generated carrier for one-to-one mapping of the optical domain dual-comb
to the electrical domain comb. We also present the acousto-optic combs, which are a novelty in
the state of the art, and their mapping by means of a self-heterodyne technique. We briefly
present the all-optical dual optical frequency comb that for the first time, is implemented in this

Thesis.

4.2 The electro-optic dual optical frequency comb

4.2.1 Two modulation stages and frequency
shift

The Jacobi-Anger identity relates the phase modulation with its Fourier transform [37] and
demonstrates that the phase modulation generates multiple modes or tones that are spaced

uniformly in argument as (34).
el Fom@) = z Jn(BYe ™9 (34)
n=-—oo

where £ is the depth modulation of the phase modulation and ¢ denotes the amount of
phase that the phase modulator is introducing to the optical wave. J,(8) denotes the Bessel

function of the first kind of order n and argument .

On the other hand, we have a solution of the wave equation that denotes the light wave as (35)

E(x,t) = ||A]|ef ?X)eizmvit (35)
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were ||A|| is the amplitude of the electric field, ¢ (x) is the phase at each point of the space along
which the wave is traveling, and v is the optical frequency at which the wave fluctuates with

respect to time.
For simplicity, we can make a variable change according to (36):
E(x,t) = A(x)e/?2™t (36)

If we are heterodyning the signal utilizing an acousto-optic modulator, we achieve a signal with a

frequency increase of v leading to (37):
Exom(x,t) = A(x)e/2mv+ov)t (37

On the other hand, if we use an electro-optic modulator (optical phase modulator) [8], we obtain

(38):
Egou(x,t) = A(x)e/?2™ te) 2sin(®) (38)

In which the last multiplying term represents the phase modulation induced by the phase
modulator. z is the rate between the amplitude of the sinusoidal function injected into the

modulator and the pi-voltage (V;;) of the device as defined in chapter 2.

If we assume that an interferometric mixing of the coherent combs [38] [39] is happening on the
output coupler of a dual optical frequency comb generator we can obtain the general equation of

the interference of two light beams at the output of the optical coupler (as it is shown in Fig. 34).
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Fig. 34 Setup of a dual optical frequency comb.

= J i
\ 4

Let the electric field on the first arm be E; and the electric field of the second arm be E,. We can

obtain the irradiance I at the output photo detecting stage as (39):
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Inorce = (E1 + E)*(Ey + E,)
= (”A1||€j(_¢1(x't))e—}'2 Tyt
+ ||A, ||/ (P2x0) g =2 v, (114, e 2
+ ||A2||ej¢2(X,t)ej2 v, t)

= [|A111* + |4, o
—j¢1(x’t)e—j2 TV, tej¢2(X,t)e—j2 TV, t

2

e
+ 2IIA1IIIIA2II<

e J(@2(x0)=p1(x,t)+2 wt(vo—vy))
+ _ )

= [lA111* + 142117 + 21|A1l11|Azlcos (¢ (x, ) — 1 (x, t)
+2nt(vy, —vy))

As stated before, we are modulating both arms in phase besides we have a frequency shift
denoted by (v, —v; ) = Av. The amount of phase the light is varying along the first arm [9] of

the dual-comb can be expressed as (40).

$1(x,t) = By sin(wt) + ¢4 (x) (40)

Besides, on the second arm, the amount of phase that the light is varying is (41)

$2(x,t) = By sin(w,t) + P, (x) (41)

Thus, if we substitute the phase modulation into (39) we obtain (42):

Iporca

= lAL1I> + [14,]1?

+ 2||A1[[[[Azl cos (B sin(wyt) — By sin(wqt) + 2 wt(vy — vy ) + ¢2(x)
— ¢1(x))

= lAL1I> + [14,]1?

+ 2|141 1114, || Re (e ( Bz sin(wzt) =1 sin(wit)+2 mt(va=v1 )+ b2 (x) =1 (X))

(42)

= 141117 + 142112 + 2[4, [ll|A2]|Re (o)

We can see how the irradiance of the dual-comb is dependent on the parameters of the

modulations those are the depth modulations of the first and second arms (f; and ;) and the
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frequency of the electro-optic modulation signals (w, and w4). We take into consideration the

phase term of the dual-comb electrical mapping process as (43):

o = el (B2sin(wzt) o(~B1 sin(@16) g j(2 TE(W2=1)) 0 (2 ()1 () @3)

We apply the Jacobi-Anger expansion to rewrite the above equation and we consider the

trigonometric identity (44):

o= BSIN@) — o B(~sin()) — o B(sin(-¢)) (44)

We obtain (45):

o = ef(2Ttv2-v1)) | Z I (By)el M2t

n=-—oo
d (45)
: Z Jn (B el I (Co1t) . gi(b2(x)=¢1(x))
h=—o0
Afterward, we define y as (46):
Y=Y JaBeIm Ot Y fu(p)el e .
n=-c h=—c0

We rearrange sums and separate the results between equal indexes (n = h) and different indexes
(n # h) we obtain that for all (n # h) The frequency lies outside of the photo-detecting diode

bandwidth and therefore those terms can be neglected (y ;) as (47):

[o9] o

y= D D JaBln(el e heno

n=—oo h=—o

[0e]

D D R ATACE @)
k=—-oco Vn=h

o)

+ i Z Jn(B2)Jn (By)e? (@2 Rt

n=-—oo0 h=—o0o0 Y n#h

= Yppew t VHF = YPDBW

where n, k and h are integers. The simplification leads to the following identity (48):
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o~ Z ]k(ﬁz)jk(ﬁl)ej (2mt(ve—vi+(wz2— wk)) . ej(¢2(x)—¢1(x)) (48)

k=—co Vn=h

That can be substituted into (39) to obtain the waveform of the photo-detected current as (49).

Iporce
= 1ALl + 114,17

+ 2||A1||||A2||Re< Z Je (B (By)ed (2 mtva=vi+ewa= wp)kc)

k:—(X)

. ef(¢2 (x)—¢1(x))
(49)

= 141112 + 114212

+ 2[[A4 1Al ( Z Ji(B2)Jk(B1)cos (2wt (v, — v1)

k:—OO

+t(w, — wk)+P,(x) — ¢1(x))>

If a spectrum analysis is used and the DC terms are eliminated, the following term is obtained as

(50):

IporceEsa = 2|1 A [[T1Al < Z Jk(B2)Jk(B1)cos (2 mt (v, —vy)

k=—o0

(50)

+t(w; — wk)+P,(x) — ¢1(X))>

where 2||A1 |14/ (B2)Jk(B1) represents the optical amplitude of the adjacent modes.
Accordingly, the frequency difference (v, —v;) is the frequency of the electrical carrier and
(w5 — wq)k corresponds to the sidebands that are generated at integer multiples of (w, — w;)
which is the difference between the electrical frequencies at which the modulators are driven.
Finally, ¢,(x) — ¢, (x) is the term related to the optical phase difference of the interferometer

that constitutes the dual-comb architecture.

As a summary, we can extract from the above equations that the electronic mapping is a one-to-
one process between each pair of optical modes in the wavelength domain. These equations do
not contain any nonlinearity effect nor dispersion effects that happen in the fiber.
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4.2.2 Three modulation stages with sinusoidal
signals

If three-phase modulators are used, the Jacobi-Anger identity should be applied three times once
for each phase modulation (51). It is assumed that the two first modulations happen in one arm

and the third happens on the second arm of the interferometer.

Iporce = 14117 + 1A, |12
+ 2[[A1 Azl cos((B3 sin(wst) + B, sin(w,t)) — By sin(wit) (51
+ ¢, (x) — p1(x)) = lALI* + |A21I* + 2]|AL Il A lIRe (o)

Similar to what it has been done in (42), we can find the relationship (52):

o= i Jm(B)ed ™ @3 i Ju(Bo)e ™t

m=—o n=-—oo

s (52)
' Z Jn (B el I (Co1t) . gi(b2(x)=¢1(x))
h=—o0
For simplicity, we operate just with the term (53):
y = Z Jm(B3)el ™ (@st) . Z Jo(B)el m@zt . z Ju(B)el h -wi®
m=—oo P — R
= D JmBeim @0
m=—o
y ' (53)
{0 @B o i)
k=—ocoVn=h

[ee]

)

n=-—o h=—oo Vn#*h

Jn BB «nwz—hwat>>

= Yppew + YHF = VPDBW

For convenience, we eliminate the harmonics that lie outside the photodetector bandwidth v, .
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That leads to (54):

o

< 3 e

( Z T (B ] (Be’ ((we- w1)kt)) el ($2(0-¢1(x)) (54)
k=—oco Vn=h

- Z ( z Jm (B (B (By)e? (@2~ wl)kt+m(w3t))>

m=—o0 \ k=—ooVn=h

. ef(d’z (x)—¢1(x))

Finally, the result of the signal photo-detected in a spectrum analysis is the AC term of the

waveform. As shown in (55):

Inorce,esar = 2|lA1 111 A;]] Z < Z Jm (B3)Jk (B2)]k (B1)cos ((w,

m=—o \k=—o0

(55)

— wpkt + m (wst) + ¢, (x) — ¢1(x))>

4.2.3 Transfer function approach

We can see the dual-comb modulation as an operation over an electrical field phasor. Therefore,

we can consider the generating systems as a nonlinear system black box as shown in Fig. 35.

E>

Fig. 35 One stage modulation of the dual-comb scheme as the transfer function.
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If we assume a phasor to be the input, the electric field is (56):
Ey(x,t) = ||Alle/ #Del (2 mvat=ko) (56)

The output electric field at the block is of the form of (57):

E, = ||\}4§|| o $1(0) g j(2 Tv1t—kx) o P(x,0) o i ( By sin(w1t))
4 Al o) 206) gJ(2 V2t —kx) o P(x,0) o ( Bz sin(wat)) (57)
E;

= L itAusino) Ev e sinwa) i nva-vie
2

e P10 gpd ef $2(x0) represent the phase injected by the system. Therefore, the transfer function
between phasors in the block (output phasor over input phasor) is (58) and it constitutes a
generalization of the behavior of the system:

E, eJ(Bisin(wit))  oj(Bzsin(wzt)) oj(2 m(v2—v1)t)

_ n (58)

B, 2 V2

The expression in (58) indicates the system generates two electric field phasors that have

independent phase modulation.

: . . E . .
This constitutes a non-linear system as E—2 transfer function affects the frequency of the input laser
1

signal.
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4.3 The acousto-optic comb

The acousto-optic comb is generated by simply feeding-back an acousto-optic modulator [40]—
[42]. This way the generated spectra are a set of optical tones separated in optical frequency. This
separation is equal to the frequency injected into the acousto-optic modulator. We can consider
therefore that each tone is added up to the output spectra as the seed beam travels along the
feedback loop. This process is conceptually depicted in Fig. 36. It is noteworthy to mention that
amplification is needed in the feedback as the attenuation between each loop is high for each

iteration of the feedback.

ik

Each phasor

<;_‘::2——“,43

travels a
different
distance

o

Fig. 36 Acousto-optic comb arrangement. The monochromatic seed beam travels along with the feedback that is
composed of the beam splitters C1 and C2.

Therefore, the superposition of each phasor leads to a sum of phasors with different frequencies,

path lengths and optical phases according to (59).

N
. 2nn
E.omp(t, 2) = E, Z A e’ ((@o+aswaom) t=37507 +@-DaL)+ea) (59)

a=1

where w, is the initial pulsation of the light wave, E, denotes the electric field in the C1 coupler
input, A, symbolizes an attenuation factor specific to the tone a, which depends on the gain of
the optical amplifier (EDFA), on the insertion losses of the couplers C1 and C2 and on the AOM
insertion losses. Awyop is the frequency shift produced by the AOM; equivalently, A4 is the
wavelength shift of the light caused by the AOM. AL is the delay of fiber length that the light
travels in the feedback loop, n is the refractive index of the fiber, ¢, is the initial phase of tone a
and z is the space coordinate where the electric field is evaluated at the time t.

This kind of combs has the advantage of being easy use and build; however, they require a

highly coherent laser source in order to make it interfere at each iteration of the feedback loop.
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Moreover, the span of the acousto-optic combs depends on the amplifier gain and the attenuation

of the components that integrate the optical loop.

4.3.1 The self-heterodyne comb

Each optical tone of a self-heterodyne comb is mapped into the RF domain. The process occurs
due to the mixing between the initial comb and an optical tone which has a mismatched frequency
with respect to the first tone of the comb. The process is shown conceptually in Fig. 37 a), where
each phasor is mixed with the reference seed. As a consequence, an RF signal is obtained
proportional to the amplitude of each comb teeth and the optical phase difference between the

seed and the comb teeth.

Fig. 37 b) shows a way of implementing the aforementioned system with building blocks. The
requirement of a comb shift is important as it has to be single-band -generated for ensuring that

the RF mapping is done one to one and no cross mixing is produced by any symmetric sideband.

Shifted comb

NTT%A > ) b)

Shifted
A comb

T ﬂ
> A C1
A c2

TTTT*A >

Fig. 37 The mixing process of a self-heterodyne comb, a) diagram interpretation of the comb with the initial seed
laser, b) schematic implementation.
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4.3.2 The self-heterodyne acousto-optic
frequency comb

The self-heterodyne arrangement is easily done with the acousto-optic comb. The mix of the
comb with the laser seed leads to a multi-heterodyne mix. The arrangement for producing the
self-heterodyne acousto-optic comb is shown in Fig. 38 a). The system delivers an optical comb

whose spectra are mapped one to one into an RF comb for example the one shown in Fig. 38 b).

a) 4‘7 ° b)
C3 C4

-20

mmg AOM -40

cl C2 -80

Amplitude (dBV)

0 1 2 3 4
Frequency (GHz)

Fig. 38 Self heterodyne acousto-optic frequency comb. a) arrangement set-up based on a feedbacked acousto-
optic modulator. b) photo-detected interferogram in the frequency domain.

The photo detected intensity is of the form (60).

2nn
(z+ (a—1)AL)

N
I(Z, t) = Z EgAé + Eg + ZEgAaCOS (aAa)AOMt + m (60)

a=1

— k12, + ¢ — P1)

where Aw 4o 1s the pulsation of the acousto-optic modulator, n is the index of refraction,
A is the wavelength of the laser seed, AL is the length of the optical feedback, z is the space

coordinate, E5A? is the power of the a-th mode. (60) shows that the amplitude and phase of

the optical tones can be read from the amplitude and phase of the RF image.
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4.4 Conclusions

This chapter presents a formulation of the modulation applied to generate dual-combs and self-
heterodyne combs. It shows the relationship between the optical domain and the electrical
domain. Alternative modulation approaches are also presented and discussed as useful tools for
dual-comb generation and multi-heterodyne detection. As a result, a particular overview of the
properties of spacing, mapping frequency and the span of the optical frequency combs is
obtained, which enables to understand the parameters to optimize when using these kinds of

sources in particular applications, such as the interrogation of fiber sensors.

The discussed architectures provide injective mapping and allow direct readout of absorption

profiles in the optical domain.

57



Chapter 4: Models and simulation of multiheterodyne sources

58



Chapter 5: Electro-optic
dual optical frequency
comb for fiber Bragg

ograting readout

“A calm and humble life will bring more happiness than the pursuit of success and the constant

restlessness that comes with it."- Albert Einstein
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5.1 Introduction

Optical frequency combs (OFC) generated by electro-optic modulation of continuous-wave lasers
provide coherent sources that are composed by several optical lines with high power per line.
Some of the topologies allow independent control of line spacing as well as the number of lines
that are generated. They are suitable for spectroscopy purposes, besides they offer flexible and
optimized sources for the interrogation of other sensors based on wavelength change or
wavelength filtering, such as fiber Bragg grating (FBG) sensors. In this chapter, a dual-OFC FBG
interrogation system based on a single laser, two EOM (phase modulators) and one AOM
(frequency shift) is presented. This architecture allows to select and adjust properly the
multimode optical source parameters, such as the number of modes and their position within the
reflected spectrum of the FBG. A direct read-out is obtained by mapping the optical spectrum
onto the radio-frequency spectrum output of the dual-comb. This interrogation scheme is

proposed for measuring fast phenomena such as vibrations and ultrasounds.

The main contents of this chapter are published in the journal article: J. E. Posada-Roman, J. A.
Garcia-Souto, D. A. Poiana, and P. Acedo, “Fast Interrogation of Fiber Bragg Gratings with
Electro-Optical Dual Optical Frequency Combs”, Sensors, vol. 16, no. 12, pp. 2007-2018, 2016.
https://doi.org/10.3390/s16122007
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5.2 The interrogation method

When we want to read the back-reflection profile of an FBG one can use one single tone as
shown in Fig. 39 a). We direct the light beam to port 1 of a circulator and on port 2 we connect
the FBG sensor. This way and by careful alignment between the wavelength of the laser and the
back-reflection profile, we obtain on port 3 of the circulator the strain information that is applied
to the sensor by registering the amplitude of the back-reflected light beam. This alignment should
make the laser line coincide with the part of the spectra of interest that is the point in which the
derivative of the back-reflected function is maximum. As shown in Fig. 39 b) the understudy set
of wavelengths can be approximated to a linear region in a small signal regime. This modulates

accordingly the back-reflected line amplitude of the laser.
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Fig. 39 Single-tone approach for measuring with the reflection response.

The dual combs can be used for the readout of dynamic strain applied to the FBG sensors. The
proposed working principle is depicted in Fig. 40 a). In this case, we can operate with two lines of
the dual-comb that are placed in the linear region of the FBG reflection profile in order to obtain a
linear amplitude modulation of both lines. It is noteworthy to remark that the lines are modulated
in counterphase because of the slope that each line is modulated with. In the left line if the Bragg
wavelength increases the line diminishes its amplitude due to an increase of attenuation. On the
other hand, the right line experiments an increase in amplitude due to the decrease of attenuation
when the Bragg wavelength increases due to strain variations. Fig. 40 b) shows the overall
implementation where the dual comb generator is injected into the FBG sensor, and the back-

reflection is read thanks to a circulator and a photodetector.
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Fig. 40 Working principle of the dual-comb readout applied to a fiber Bragg grating sensor, a) mode placing of the
dual-comb, b) general setup schematic.

One can assume that the back-reflection response of a fiber Bragg grating sensor is of the form of
(61).

1 e 2) 61
Loue = 2Ryl

where R is the maximum reflectivity of the FBG (a value between 0 and 1), P, is the power of the
line that is being reflected by the FBG sensor, Adg is the width of the reflection profile lobe at
one-half of the maximum power and A4 is defined as the subtraction between the wavelength and
the Bragg wavelength of the FBG sensor. To obtain the maximum slope we differentiate the

function I,,,; (A1) with respect to AA. This result is shown in (62).
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Fig. 41 Simulation of theoretical shape of the back-reflection response.

62



Chapter 5: Electro-optic dual optical frequency comb for fiber Bragg grating readout

From the theoretical expressions, it can be graphically seen that the maximum points are at +80

pm with respect to the Bragg wavelength (AA=-0.08 nm and AA=+0.08 nm). This result is
obtained for R P, = 0.2, Az = 1540.95 nm and 415 = 0.15 nm, This is shown in Fig. 41

5.3 Interrogation system implementation

The setup consists of a dual-comb architecture with two electro-optic modulators that are going to
generate the sidebands that constitute both combs. Moreover, we use an acousto-optic modulator
to ensure frequency shift between the two optical combs, this will enable the injective mapping
and the multiheterodyne capability of the source. The sensor is read by means of a circulator. The
overall system is depicted in Fig. 42. We use a polarization controller to optimize the visibility of
the detected interferogram. The frequency rate of one comb is of 12.5005 GHz while the other
comb has a frequency of 12.5000 GHz. The shift between combs is chosen at 42.5 MHz so that
we can achieve a frequency of 12.5 MHz when the information is down sampled t 30 MHz. The
laser source that is employed to irradiate the FBG sensor is a QDFBLD-1550-20 (QPhotonics). It
is a DFB type of laser with a 10 MHz spectral linewidth at full width half maximum. The two
electrooptic modulators (EOSpace phase modulators) that are employed to generate the combs
were set to a 500 kHz difference to generate an RF comb with enough bandwidth to detect the
ultrasounds. The photodetector is a 150 MHz InGaAs device and, finally, a down-sampling is

performed with a PXI- 5105 module from National Instruments.
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Fig. 42 Setup implementation of the dual-comb applied to fast FBG readout.

63



Chapter 5: Electro-optic dual optical frequency comb for fiber Bragg grating readout

The interval of wavelengths in which the behavior is linear corresponds to an 80 pm range
centered around the operating point. This corresponds to a 66 pe range in strain magnitudes

considering that the sensitivity of the FBG is around 1.2 pm/pe at 1550 nm.

Optical response of a DOFCG
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Fig. 43 Parametric sweep of the modulation depth response of a dual-comb optical domain.

The tunable characteristic of the dual-comb is depicted in Fig. 43. In this graph, we can observe
how the depth modulation influences the number of lines of the comb and the amplitude of each
one of the lines. From all these possibilities we choose the one that has a suppressed value of the
order zero line and a maximized value of the order one line. This value corresponds to

approximately 0 dBm of EOM power.
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Fig. 44 Optimized dual-comb in the optical domain a), the image of the RF domain after down-sampling b).
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The system generates two combs that have high suppression on the carrier and high amplitudes
on the first sideband tones. The optimized comb can be seen in Fig. 44 where our goal is to obtain
a comb where the comb lines corresponding to the first harmonics are maximized with respect to
the other optical lines of the comb. In Fig. 44 a) we can observe the output of the dual-comb
system in the optical domain and in Fig. 44 b) we can observe the photodetector readout on the

third port of the circulator.
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Fig. 45 Graph of the back reflected signal of the FBG and the first derivative in red.

From the real measurement, one can observe that the needed spacing between the optical lines is
about 200 pm at 1540.66 nm of Bragg wavelength. The graph was measured with a 20 pm
resolution. This figure is used to find the maximum slope points that were found at 25 GHz apart
centered in the Bragg wavelength. This requires that the zero-order tone of the comb is aligned
with the Bragg wavelength and the first-order harmonics are separated 12.5 GHz each in order to

be placed in the correct point of the spectrum (Fig. 45).

5.4 Demodulation system

The detection scheme consists of an AM demodulator implemented digitally. We acquire the
photo-detected signal by means of a 12 bits ADC and save a data buffer for future digital
processing. We select the two channels of interest that correspond to the specific optical modes.
We mix them with a stable frequency reference and finally, we filter the signal with a low pass
filter that eliminates the higher harmonics. We finally subtract both signals, scale and plot the

result. This process is shown in Fig. 46.
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Fig. 46 Demodulation stages for AM recovery of the strain.

This differential measurement technique is useful when we consider the common-mode sources
of noise. One common mode source of error is the laser amplitude fluctuation. With the
differential measurement, we can take advantage of the fact that the variation has the same sign in
both channels and therefore it will be nullified when both channels are subtracted. To demonstrate
this, a 200 Hz mechanical vibration was injected with 6.5 kHz of common-mode modulation to
simulate the common noise in both channels (this process is shown in Fig. 47 a)). When
evaluating the suppression between a single channel operation versus a two-channel differential
operation a 16 dB attenuation was observed in the unwanted common-mode harmonic. This

attenuation is shown in Fig. 47 b).
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Fig. 47 Common mode error cancelation based on a differential measurement. a) time-domain b) frequency domain.

5.5 Experimental results

Two setups were prepared in order to measure vibrations and ultrasound mechanical signals. The
first one consists of a test bench where the FBG is stuck to a moving part on one end and a fixed

part on the other end that has specially designed screws that pre-stress the optical fiber sensor.
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The length between the extremes of the FBG sensor is 10cm. This setup achieves frequencies of 2
kHz (Fig. 48 a)). In the second setup prepared for ultrasounds, an FBG stuck to a carbon fiber

plate of dimensions 7 mm x 150 mm x 210 mm. The FBG was stuck with cyanoacrylate to the

surface along 4 cm of the length of the fiber and the total length of the FBG was 2cm.

T ——————

- Loudspeaker

Maoving part

Mechanical
Fingd part

(b)

Fig. 48 Vibration measurement setup a) and ultrasound measurement setup b).

Fig. 49 a) shows an example of both differential signals at 1 kHz from two optical lines placed at
the maximum slope points of an FBG sensor. And Fig. 49 b) shows the resulting waveform after
subtracting both differential signals. It can be seen that the amplitude, and therefore the sensitivity
of the resulting signal, is twice the amplitude of each single signal. This effect constitutes an
amplification of the measurement without the need for an additional amplifier and at the same

time, it provides a high common-mode rejection. The amplitude of the signal is about 28 pe.
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Fig. 49 Differential measurements obtained at 1 kHz of mechanical vibration a), Resulting signal obtained from the
subtraction of the differential waveforms b).
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To evaluate the maximum resolution of the system two resonance frequencies of two different
PZT were tested. The result is a system that can detect ultrasound burst signals from 40 kHz to
120 kHz. The signals are depicted in Fig. 50 and are applied with a piezo-stretcher device. In Fig.
50 a) we can see a 0.4 ye burst in time domain and in Fig. 50 b) we can observe a 0.34 ue of
detected amplitude also in time domain. And in Fig. 50 c¢) and Fig. 50 d) show the frequency
domain of the detected burst. In the case of the first measurement, we can see a SNR of 30 dB
and in the case of the second measurement we can see an SNR of 22 dB. In the first measurement

we can observe a burst width of 2 ms while in the second measurement we can see a burst width

of 1 ms.
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Fig. 50 Measurements of ultrasound bursts.

5.6 Discussion

The back-reflection response of an FBG sensor is dependent on the strain applied. Moreover, if
the strain applied to the sensor is not uniform, but a gradient, the shape of the back-reflection

response will change accordingly as shown in Fig. 51
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Fig. 51 Back-reflection profile of an FBG sensor supporting strain. Black trace: reference trace that corresponds to the
initial position. Red trace: trace correspondent to a compression applied over the FBG, Blue trace: trace

correspondent to traction applied to the FBG.

A careful inspection of the graph indicates that besides the displacement of the Bragg wavelength,
the gaussian function changes its symmetry. This effect is easily observed as the slope of the

reference function is not equal to the slope of the measurement trace.

However, for a uniform strain application with respect to the length, we can assume just the
Bragg wavelength shift paradigm of operation. We can, therefore, use a dual optical frequency
comb to perform a spectroscopic measurement over the wavelength interval. In this case, 12 GHz
sidebands spacing is chosen, a mapping frequency of 1 MHz is employed and a 50 kHz electrical
spacing it has been set. The result with arbitrary traction and compression leads to a behavior

similar to the one shown in Fig. 52
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Fig. 52 Dual comb readout of a uniform FBG sensor
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It can be seen clearly that the center of gravity of the comb changes with respect to the strain
applied. If we register the strain applied to the sensor and we register the frequency of the center
of gravity we obtain a calibration curve as the one shown in Fig. 53 a). This procedure can be

used to measure over a span of almost 1000 ue that is measured with a micrometer screw. This is
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Fig. 53 Center of gravity of frequency a) One dimensional center of gravity of the FFT window b) Two-dimensional
center of gravity amplitude and frequency. COG center of gravity, MF mapping frequency.

equivalent to a Bragg wavelength displacement of 1 nm. It can be observed that the range of
linearity is almost 500 pe. For extending this range of operation to virtually all the range when
the FBG overlaps the comb we can use the power amplitude center of gravity as in Fig. 53 b).
Each point of this trajectory can be associated with a particular value of strain, therefore
clustering a specific acquisition point into some part of the trajectory provides a specific value of

strain applied.

5.7 Conclusions

In this chapter, the implementation of an electrooptic dual optical frequency comb architecture

applied to read FBG sensors was presented.

Results were presented for dual-comb operation under optimized control. The optical modes are
mapped onto detectable tones that are multiples of 0.5 MHz around a center radiofrequency tone

(40 MHz). Measurements of ultrasounds (40 kHz and 120 kHz) are demonstrated with this
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sensing system. Ultrasounds induce dynamic strain onto the fiber, which generates changes in the
reflected Bragg wavelength and, hence, modulates the amplitude of the OFC modes within the
reflected spectrum. The amplitude modulation of two counterphase tones is detected to obtain a

differential measurement proportional to the ultrasound signal.

The FBG sensors behave in a different way if gradients are applied to the sensing part of the
sensor. This translates into changes in the linear-zone-slopes of the back-reflection profile and at

the same time a shift in the Bragg wavelength.

The drawbacks of this system are its complexity and the fact that the acousto-optic modulator is a
non-integrable device. In next chapters it will be shown how to implement the same functionality
with the use of a serrodyne modulation / phase generated carrier (PGC) modulation to shift the
optical frequency. These approaches result into more compact setups, and they will be done by

using a single modulating device.
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6.1 Introduction

This chapter discusses the use of a serrodyne modulation or phase generated carrier to generate an
optical frequency shift that is necessary for unambiguous detection with electro-optic dual optical
frequency combs. Several measurements are presented: the dependence of the optical output and
electrical output with the modulating parameters of the source, the output dependence with the
bias voltage, and the frequency mapping dependence with the serrodyne modulation, among
others. Stability is also discussed, and the harmonic distortion is shown for the case of an all-

electro-optic dual optical frequency comb.

Dual drive modulation for dual-comb generation is presented and its limitations and advantages
are discussed. This is done by using two modulating signals that generate the optical sidebands
and an auxiliary signal that performs a frequency shift to the electrical comb that allows to read

the information from the electrical domain.

6.2 Pseudo multiheterodyne generator

The process of generating an electro-optical dual optical frequency comb generator involves the
need of three modulating signals that are intended to generate the optical sidebands and the
electrical signal needed to generate a displacement over one of the combs to have the

multiheterodyne source.

In the case of the serrodyne translation [43], we use one phase modulation to generate a frequency
translation over one of the combs and, this way, to obtain a multiheterodyne signal between the

unshifted and the shifted comb.

6.2.1 Principle of operation

The dual-drive MZM can be used to generate a comb [9], [44]-[46]. It is normally used to
control the flatness and usually as an extra modulating stage to broaden the optical comb.
However, due to their internal structure, those devices may be used for dual-comb generation.
The acousto-optic effect may be functionally substituted by a shifting process [47] with an

independent signal which can be either a saw-tooth signal or a sinusoidal function.
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Those implications have the result of being able to reproduce the functionality of a dual-comb
with either two-phase electro-optic modulators or a single dual drive Mach-Zehnder-modulator if

we choose an integrated setup.
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Fig. 54 Discrete implementation of all electro-optical dual optical frequency comb with discrete optical components.

The discrete implementation uses the architecture of Fig. 54. It is composed of two phase-modulators. Each
one has a sideband generating a signal of 12 GHz approximately. One of them has also its pseudo-carrier
generating signal that allows the one-to-one electrical mapping signal. At the photo detected output, we can
see the electrical comb associated with the optical dual comb. The spacing of the optical combs is imposed
by the frequency of each RF generating signal. While the frequency spacing of the electrical comb is
controlled with the difference between the RF frequency. The mapping frequency is a function of the
repetition rate of the saw-tooth signal or the phase generated carrier. And can be adjusted in terms of
visibility at each frequency depending on the phase difference of the interferometer and its polarization.

Each electrical tone carries information about the optical amplitude and phase of the optical wavelengths.

In Fig. 55 a) we can see a typical behavior of a dual-comb in the optical domain. It is noteworthy,
to remark that the two combs are not seen as two entities as the resolution of the device is 20 pm
and the spacing frequency homolog tones is 10 kHz for modes +1 and —1. In Fig. 55 b) We can
find the response of the electrical tones corresponding to each pair of optical tones. The central

wavelength of the combs is imposed by the wavelength of the laser seed and in this case,
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coincides with 1539.9 nm. The optical separation is 0.1 nm in optical domain, and we can observe

a total of 17 optical tones
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Fig. 55 Response of a dual optical frequency comb in optical domain a) and response of a dual optical
frequency comb in electrical domain b).

For the discrete implementation, we can see that several modes are generated in the sideband
pseudo carrier generating process. Therefore, the serrodyne shift is not ideal as other integer
multiples of the main frequencies are generated from the sawtooth injected signal. This process is
performed in the case of the discrete implementation with a certain efficiency with a total
harmonic distortion of 0.05%. This corresponds to a 15 dBc considering as carrier the first-order
harmonic of the highest amplitude. In Fig. 56 a) we can observe the process of optical shifting at
a frequency of 4 MHz and in Fig. 56 b) we can see the frequency domain of the optical photo-
detected signal.
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Fig. 56 Serrodyne frequency shift implemented with discrete components. a) Time-domain b) frequency domain.

6.2.2 Simulation of a pseudo multiheterodyne
generator

I.  Electrical implicit form

Assuming that the electro-optical dual-comb behaves as a multimode multiheterodyne Mach-
Zehnder interferometer [48] one can easily reach an expression for the electrical signal. (63)
shows the dependence on the electrical signal with the optical parameters of the light, and

radiofrequency input signals.

Inorce = I1A1lI7 + 142117 + 2| A1 ||| A, |
cos (B sin (wyt) — P sin (wqt) +27mt(vy —vy) +do(x)  (63)
— ¢1(x))

||A1]] and ||A,]| is the electrical field amplitude of each of the beams that correspond to each one
of the arms of the interferometer. 8, sin (w,t) the term corresponds to the sideband generating a
signal of the second arm of the interferometer. [, represents the amplitude of the phase
modulation also known as depth modulation and w, represents the frequency of the oscillation of
the phase modulation. Similarly, 8, sin (w4t) the term corresponds to the sideband generating a

signal of the first arm of the interferometer. 5; represents the amplitude of the phase modulation
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also known as depth modulation and w; represents the frequency of the oscillation. (v, —vy) is
the frequency difference of the beams of the interferometer. And ¢, (x) — ¢, (x) is the optical
phase difference of the light beams.

(63) allows us to see the dependence between the optical modes and the electrically generated

spectra.

II.  Electrical explicit form

If we apply simplification of Jacobi-Anger expression, we can relate (64) with its Fourier
expansion (64). This expression is more useful as every frequency ((v, —v;) + 2m(w, —
w1)k) can be associated with a phase difference ¢, (x) — ¢, (x) which is the same as the optical

phase.

Iporceesa = 21| A1|[[| Azl ( Z Jk(B2)]k(B1)cos (2 mt((v, — vq)

k=—0o0

(64)

+2n(w; — wk)+¢,(x) — ¢1(x)))

Jk(B) |lAq]| is related with the k-th optical teeth amplitude of the first optical comb and
accordingly /. (B2)||A2|| is related to the k-th optical teeth amplitude of the second optical comb.

(64) is a more generic form of dual-wavelength interferometry response.

III.  Simulation as a dual optical frequency comb

The dual comb can be simulated to see typical behavior. The electrical domain reproduces the
behavior of the optical domain and as the modulation depth increases the broadness of the comb
also does. In Fig. 57 different depth modulation states of the dual-comb can be seen. The depth
modulation £ is considered the same in both arms and it is increased in steps of 0.125 V., which
corresponds to 0.3 V in amplitude variation. Therefore, the broadness of the optical source is fully

controllable with the modulation depth of the modulators.
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Fig. 57 Simulation of dual optical frequency comb electrical frequency domain for different depth modulations.

On the other hand, the difference between the modulating RF signal imposes the comb teeth
separation. This separation Af is equal to the difference between the first and second modulator
frequencies. This fact can be seen in Fig. 58. In this figure, the number of teeth does not change

but the electrical comb lines separation changes accordingly.
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Fig. 58 Frequency difference variation simulation of the electrical response of a dual optical frequency comb.

It is noteworthy to point out that the optical combs do not change significantly compared to the
initial position as the kHz range changes are insignificant with the absolute frequencies of tenths

of GHz.

The degree of freedom that is added to our setup is the ability to choose the mapping frequency,
which is not available in classical acousto-optic implementation. If the sawtooth signal frequency

is changed, it will reflect a change of the electrical mapping frequency as shown in Fig. 59.
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Fig. 59 Frequency mapping variation of a serrodyne implementation of a Dual optical frequency comb

(simulation).

6.3 Dual drive Mach-Zehnder compact
implementation

The saw-tooth signal is injected into a power splitter employing a filter that can load the
generator and avoid at the same time RF losses from loading the sawtooth generator with the
high-frequency signal. The discrete component implementation is substituted by the dual drive
MZM which has internally the Mach-Zehnder with individual arm modulation capability. The

setup is shown in Fig. 60.
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Fig. 60 Discrete implementation of all electro-optical dual optical frequency comb with in-chip optical component.

Another important fact is that the pseudo carrier approach allows choosing the mapping
frequency on demand and adds another degree of freedom to the classical dual-comb
implementation system whose mapping frequency is usually fixed. If we change the pseudo
carrier parameters either frequency or amplitude, we can change on wish the mapping frequency
and at the same time maintain the optical spectrum unchanged. As seen in Fig. 61 a) the dual-
comb, generated at 1311.5 nm remains unchanged in the optical domain as the mapping

frequency changes in value as shown in Fig. 61 b).
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Fig. 61 Dual comb response and the independent combs a) optical response b) electrical response of the dual
comb mapping process for different pseudo carrier frequency.

When the pseudo carrier signal is generated with a saw-tooth generator, the photo detected
response is as the one shown in Fig. 62. If we maintain constant the frequency and amplitude of
the saw-tooth signal and we vary the frequency difference between the RF signals, we obtain a

variation in the width of the electrical teeth separation.

Amplitude

-40
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Fig. 62 Response to the serrodyne implementation of an electro-optical dual-optical frequency comb to changes in
sideband frequency modulation.
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For a sinusoidal input signal, we obtain a phase generated carrier which is a single band
modulation around DC. A sweep in the RF frequency difference was made and the response can

be seen in

Fig. 63. We can observe that the repetition frequency is 4 MHz for the PGC pseudo-carrier. When
the frequency difference of the RF signals is greater than the pseudo-carrier the electrical comb
invades their adjacent images and intermixing can happen. In this case, it happens at frequencies

of 4 MHz/8 as we have 2 sideband modes on each of the sides of the carrier.

The repetition frequency of the pseudo carrier coincides with multiples of the primary generated

frequency in this case 4 MHz.

Ampl
(dBV)

g 0.5 1 15

Saw tooth mapping frequency (Hz)

Fig. 63 Response to the serrodyne implementation of an electro-optical dual-optical frequency comb to changes in

sideband frequency modulation
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One might want to know the amplitude fluctuations of the electrical frequencies of the teeth of the
combs with changes in the wavelength. To evaluate this parameter, we maintain the modulating
values constant, and we vary the wavelength of the laser in steps sweeping a total interval of 4 nm

over the optical span, the results are seen in Fig. 64.
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Fig. 64 Response to the serrodyne implementation of an electro-optical dual-optical frequency comb to changes in
wavelength in the laser.

85



Chapter 6: Phase generated frequency shifted dual comb implementation

One may want to know the dependence between the optical phase difference of the two paths and
the amplitude of the modes. To obtain that characterization we can register the amplitude of the
electrical tones and we vary the bias voltage of the device in steps of 250mV, which is equivalent
to approximately /10 rad of optical phase difference. The dependence can be seen in Fig. 65. As
can be seen, for certain phase differences of /5 rad with respect to the path balance at 0 mV it
can be seen that approximately 5 dB of fluctuation happens to all of the modes. And therefore,
this parameter is far more important for amplitude stability than the optical wavelength for the
particular case in which the optical paths are balanced as is the case of this photonic integrated
circuit. The optimization can, therefore, be done by setting a point in which the derivative of the
amplitude function with respect to phase difference is low. As it is at 0 mV or near 2500 mV or in

radians 0 rad or m rad respectively.
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Fig. 65 Response to the serrodyne implementation of an electro-optical dual-optical frequency comb to changes
in bias voltage of the modulator.
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Another very important characterization is the dependence of the depth modulation and the
amplitude of the electrical mapping domain. This characterization permits us to know the number
of optical tones that are generated and at the same time the broadness of the optical source that is

generated. In this case, it is done by varying the mean RF power defined as (65)

1= PRrr1[dBm]+PRrp[dBm]

Prr[dBm > (65)

The results can be seen in Fig. 66. As the RF modulation average power increases, the broadness

also does. That is because the depth modulation increases in value.

-40 -

111

60 ~

-H0 ~

Fig. 66 Response to the serrodyne implementation of an electro-optical dual-optical frequency comb to
changes in the average modulating power.
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6.4 Stability of compact implementation

Any perturbation in the input values due to noise or environmental parameters such as vibrations
in the setup or temperature changes may vary the properties of the optical source. This mainly

translates into amplitude fluctuations or phase differences.

The homodyne stabilization of phase using an active device such as a piezoelectric actuator over
one of the arms can be done easily with an integrator or low pass filter [49]. The reference signal
is compared with any of the RF harmonics mixed with a local oscillator of the seam frequency
that allows us to read the phase difference directly in DC. Under unstable conditions (Open Loop)
the phase fluctuates randomly according to phase and strain environmental variations see the
hashed line of Fig. 67. On the other hand, once the closed-loop control is activated the error tends
to stability (0 V level of Fig. 67). For all the seven arbitrary perturbations induced on purpose
over one of the arms, the system recovers the stability compensating the phase difference towards

zero error signal.
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Fig. 67 Time response of a stabilized optical phase modulation discrete implementation of dual optical frequency
comb.

When the in-chip implementation is used no PZT actuator can be included in the path difference.
However, even if a freewheeling operation is considered, the phase stability is higher in the case
of the discrete freewheeling implementation. As for the same interval of time, we have less
fluctuation in the case of the in-chip implementation of the architecture than the architecture
based on discrete components. The fluctuations of the central mode are registered over one-
hundred-minute interval in Fig. 68. Those fluctuations are of less than 1 dB for the in-chip

implementation and about 2.5 dB maximum value in the case of the discrete implementation.
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Fig. 68 Amplitude stability in time domain.

In the case of the in-chip implementation, we can observe that the total harmonic distortion is
different depending on the frequency of the sawtooth signal and different depending on the RF
input that is used. Therefore, we can conclude that the device, by fabrication, is not symmetrical
and the same input signal does not produce the same output signal. A higher signal-to-noise ratio
is obtained at 4 MHz for the second RF input. The best-achieved configuration is obtained for 30
dBc and 60 dB of signal to noise ratio. Fig. 69 a) shows the different outputs of the system for
different excitation frequencies applied to the first arm of the device and on the other hand in Fig.
69 b) the same signals applied over the second arm of the device. The best configuration is

obtained in the last case.

89



Chapter 6: Phase generated frequency shifted dual comb implementation

RF1 @500KHZRF1 @ 1MHz RF1 @2MHz RF1 @3MHz RF1@4MHz  RF2@S500KHZRF2@1MHz RF2@2MHz RF2@4MHz RF2@4MHz

0 0 0 0
-10
-10 10 -10
20 ‘
P &
a | g \
= ‘ S oft
@ @
) M
£ Sy :
g ”' 3 ”
-40 |I - < 50
|H| |
= !
“ ‘ ‘\ “ m IHM )
Iy ﬁ |||'“| ‘”l“ 70 B
-70 @) Bb——— 70 - : w E . .
0 10 0 0 0 1 2 0123 0 2 4 800 5 10 mo 1 2 0 2 4
105 x10E 107 %107 <107 108 107 107 107 107

Electrical frequency (Hz)

Fig. 69 Serrodyne frequency shift implemented within- chip implementation. a) First RF input, b) Second RF
input.

Another noteworthy aspect is that the bias voltage of the device also modifies the conditions of
signal to noise ratio and dB with respect to carrier and therefore at each frequency bias voltage

should be swept to find the best conditions of operation.

The process of phase generating carrier (PGC) is considerably different from the serrodyne phase
generating carrier as it leads to several pseudo carriers. The first seven clouds of harmonics
created on a dual-comb PGC can be seen in Fig. 70. The 0 dBc harmonic is considered the
principal carrier. In this case, the total harmonic distortion is higher as the suppression of the
secondary, tertiary and other N carriers is lower than in the optimized case of the saw-tooth

signal.
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Fig. 70 Behavior of a phase generated carrier electrical spectra of a dual comb.
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It can be easily seen that in the case of the serrodyne implementation the suppression between the
principal carrier and the others is about 30 dB in the best case. While in the case of PGC is less
than 10 dB. It is noteworthy, to see that the relationship between the carrier and the sidebands is
maintained in each cloud of harmonics. This is because the same optical spectra are mapped to

each different carrier. This process is expressed as (66).

Inorce,esar = 2|1A1 111 A;]] Z ( Z Jm (B3)Jk (B2)]k(B1)cos ((wy

m=—o \k=—o0

(66)
— wpkt + m (w3t) + P (x) — ¢1(x))>

m-th index of the infinite sum represents the different carriers generated. While the k-th index

represents the side-band harmonics associated with the depth modulation ; and £5.
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6.5 Calibration of the wavelength based on an HCN
cell reference

To determine whether the phase generated carrier technique (PGC) constitutes a useful technique
to disambiguate mapping from the optical domain to the optical domain we can consider its
application to recover an absorption line of an HCN gas cell. Considering that those absorption
lines can be used as the absolute reference in many applications we can try to recover those lines
to demonstrate that the multiheterodyne process that happens on this kind of system is not
ambiguous. That is, we have an injective relationship (one to one rule) between the optical comb

structure and the electrical mapping comb.

The absorption profile that we want to study is shown in Fig. 71. The goal is to place the

Attenuation (dB)
4

_7.6 1 1 1 1
1537 1538 1539 1540 1541 1542

Wavelength (nm)
Fig. 71 Absorption profile of an HCN cell used as the absolute reference.
wavelength of the laser in different parts of it and try to recover the shape of the under-study
wavelength interval. The ability to recover nonsymmetrical shapes from the electrical mix of the

comb ensures an injective mix of the optical domain to the electrical domain.

For our proposed experiment we use a small a big signal approach in the first measurement and a

small signal approach in the second one.

As we will see, the small-signal approach can deliver much more information on the differential
slope of the under-study absorption profile and at the same time provides information on the

optical attenuation.
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6.5.1 Set-up of the system

The proposed system is shown in Fig. 72 a continuous laser is injected into a dual-drive Mach-
Zehnder modulator to obtain two optical frequency combs in the ‘a’ input of the optical switcher.
The signal, therefore, has one particular path for each of the states of the optical switch. For the
idle state, input a is directed to output ¢ and the PD will have the information of the calibration
trace. That is without the influence of the absorption of the HCN cell therefore this trace

constitutes the power reference that is compared with the measurement trace.

For the cross-state of the optical switcher, we will have the same dual-comb once it has passed
through the HCN cell. Accordingly, the amplitude of each optical tone is modified by the
absorption profile of the HCN cell.

Optical

switch

Fig. 72 Set up of the implementation of the Dual optical frequency comb based on dd-MZM applied to HCN gas
absolute absorption line readout.

The result is a difference in amplitude with respect to the calibration trace obtained on the parallel

state of the optical switch.
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6.5.2 Asymmetry study

Even though, we are not using the small-signal approach we can see how the electrical response is

changing its shape if the electrical domain absorption is varying. As seen in Fig. 73, if the central

wavelength of the laser is placed in a different part of the absorption line, we can see that the

power distribution in the optical domain tilts either to the low frequencies or to the high

frequencies depending on the position of the laser wavelength with respect to the center of the

absorption line. In Fig. 73 a) we can see a right tilt when the laser is placed on the lower

wavelengths of the absorption line (Fig. 73 b)). In the case that the wavelength of the laser is

placed on the center of the absorption line of the HCN (Fig. 73 ¢)) we can see how the electrical

amplitudes of the comb remain symmetrical (Fig. 73 d)). Finally, in the case of the left side tilt of

the electrical spectrum (Fig. 73 ¢)), the optical wavelength of the laser is placed on the right side
of the absorption line of the HCN (Fig. 73 f)).
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Fig. 73 Asymmetry test for absolute reference in HCN cell. a) Left asymmetry in electrical domain b) centered in
electrical domain c) right asymmetry in electrical domain d) Left asymmetry in optical domain b) centered in optical
domain c) right asymmetry in the optical domain. Red line: absorption profile, yellow line: comb signal, blue line:

normalized electrical spectrum.
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6.5.3 Small signal approach

For the small-signal approach we assume two hypotheses:

e The slope of the absorption interval that we are studying is the same on all the lines of the

comb

e The frequency of the phase generated carrier is very small with respect to the optical one

Those two hypotheses allow us to obtain an inverse transformation from the electrical to the
optical domain. In Fig. 74 a) we can observe the overall setup that was implemented. We used a
single mode laser that was modulated in current by a PGC signal. The resulting light beam is
injected into a dual drive MZM to obtain the optical sidebands for both combs and finally we read
the sample by bypassing it with an optical switch. Finally, we connect a photodetector to the
output. In Fig. 74 b) we observe the electrical domain of the generated comb that is constituted by
optical modes. In Fig. 74 c¢) we can observe the structure of a dual drive Mach-Zehnder modulator
and in Fig. 74 d) we can observe the reconstruction of the absorption line with a total of 25 points
of the spectra. The procedure consists of placing the laser at five equally spaced locations of the
spectrum of interest and register the 5 amplitudes of the generated comb at each optical

wavelength.
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Fig. 74 Small signal implementation detail of the system, a) optical setup, b) photo-detected output of the system, c)
inside view of the dual-drive Mach-Zehnder modulator, d) the recovering process of the profile of an absorption line of

HCN.
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6.6 Conclusions

This chapter relies on the hypothesis that it is possible to generate a multiheterodyne and
multimode source that maps optical information with just one electrooptical dual-drive Mach-
Zehnder modulator. With this approach, we can operate at either 1310 nm or 1550 nm or both, as

we have no restriction from the acousto-optic devices.

The chapter also introduces the spectroscopy technique used to recover the absorption profile of
an HCN gas cell as a case study to characterize the multimode multiheterodyne source. The
working principle is focused on a particular small-signal simplification to obtain the readout of

the absorption profile.

There are several advantages and drawbacks of using all electro-optical implementations of the

dual-comb. The main advantages are:

e Wavelength: the operation wavelength can be chosen in a band wider than for the
acousto-optic frequency shifted implementation. This is due to the acousto-optic
modulator is designed to work at a certain wavelength (for instance, 1310 nm or 1550
nm). Whereas the all-electro-optical modulation allows a wider range of wavelengths. It
is noteworthy to mention that the insertion loss of the device is dependent on the
wavelength in our case 9.15 dB at 1310 nm and 8.83 dB at 1550 nm.

e Compactness: the compactness achieved is very advantageous, particularly for the
operation out of the laboratory.

e Change in phase drift: as the design is done in an integrated device, the optical paths are
operating under lower gradients of temperatures. In addition, the effect of the strain on
the optical path change is negligible. This ensures that the phase changes and
consequently the fluctuations are lower.

e Frequency mapping eligibility: the all-electro-optical frequency comb allows to select the
carrier in the readout electrical spectra and therefore it can be fitted to the user needs of
bandwidth.

e The phase noise of the source (the effect of any change of wavelength) is lower than in a
discrete implementation case because the path imbalance of the in-chip device is lower

than the one achievable in a discrete implementation.

On the other hand, the main disadvantages are:
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o The broadness of the dual-comb is limited to the maximum signal power that can be
applied to the modulator. In the case of the single dual drive modulator, it is lower than
for the case of two independent modulators.

e No direct optical access is available to each of the arms of the device due to the

fabrication architecture.

The overall results lead to a versatile configuration useful to sample a few points of the
optical spectra. As it will be presented in chapter 8, the narrow band detection with this
multimode multiheterodyne source becomes practical for the readout of the FBG sensors with

a dispersive interferometer.
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Chapter 7: Acousto-optic self-heterodyne readout of grating sensors

7.1 Introduction

This chapter proposes the use of an acousto-optic self-heterodyne comb to interrogate random
fiber grating sensors. These sensors are used to detect surface acoustic waves of frequencies

above 20 kHz and up to 1 MHz.

Random fiber gratings are devices that can be used to detect strain or temperature. They have a
sensitivity to strain of 1.2 pm / pe and a sensitivity to temperature of 10 pm / K. However, unlike
the uniform FBG sensors, the random fiber grating sensor have a degenerated back reflection
response with a random attenuation with respect to the wavelength. This behavior extends over
200 nm or 300 nm of optical span, making the aligning process of the reading laser unnecessary

in comparison with FBG devices.

Despite the random behavior, the whole spectrum shifts when strain or temperature change is
applied to the sensor. The sensor can be interrogated with a broadband source and with an optical
spectrum analyzer by calculating the correlation between a reference trace and a measurement

trace.

However, the time response is limited in this case. The interrogating system that we propose is
based on an acousto-optic device that is fed-backed to generate an optical comb. This
multiheterodyne source is inserted into the random fiber grating sensor to obtain its changes with

dynamic strain.

All these results are presented in the article: Poiana, D.A.; Garcia-Souto, J.A.; Bao, X. “Acousto-
Optic Comb Interrogation System for Random Fiber Grating Sensors with Sub-nm Resolution”.

Sensors, 2021, 21, 3967. https://doi.org/10.3390/s21123967
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7.2 Self-heterodyne setup

The self-heterodyne comb is a kind of multi-heterodyne source that maps the image of the spectra
to the RF domain. The multiheterodyne process happens with respect to one optical mode instead

of a comb as it is the case of the dual comb [40], [41], [50].

This multiheterodyne process is achieved with more simplicity compared to the dual-comb
architecture as in this case fewer components are needed compared to the acousto-optic dual-
comb arrangement. In the case of the acousto-optic self-heterodyne comb, the achievable SNR is
higher compared to the electro-optic implementation and at the same time, more power-efficient
in terms of the consumption of the modulating process. The only drawback is that the mapping
frequency and comb-line spacing is not controllable, but a fixed value determined by the
frequency operation of the acousto-optic modulator. The main mixing process is shown in Fig. 75
a), On the left part of Fig. 75 a) we can observe the multiheterodyne process between the acousto-
optically generated comb and the optical laser seed that serves us as a phase and amplitude
reference. This mix results on a photo-detected signal that contains the information of the optical

domain.

Fig. 75 b) shows the random fiber grating back-reflection profile that modulates the amplitude of
the optical comb. Finally, Fig. 75 c) shows the frequency domain of the photo-detected signal.
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Fig. 75 Self heterodyne working principle, a) optical mixing process, b) random fiber grating spectrum, c¢) photo-
detected RF output.

The implementation of the system can be seen in Fig. 76. A high-quality laser is used to feed the
system. The light beam is split into two optical paths by means of the beam-splitter C1. One of
the light beams feeds the acousto-optic feedback and the other one feeds the reference arm. The
acousto-optic feedback is composed by two beam splitters C1’° and C2’ that allow to redirect the
output light again towards the input of the acousto-optic modulator by means of an EDFA. The
resulting acousto-optic comb is directed towards the random fiber grating by means of a
circulator and finally, the back-reflection obtained on the third port is directed to the C2 beam
splitter.
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Fig. 76 Selfheterodyne implementation together with view of the mechanical assembly.

The photo-detected signal is mixed with a signal generator SG and low pass filtered to obtain the
amplitude of the desired optical line of the comb. The optical line of the laser is placed at 1551.8
nm, and we use a 1.6 pm spacing between the optical lines. The resulting acousto-optic comb has

a SNR of 60 dBc over a bandwidth of 4 GHz.

A small signal regime enables linear operation and therefore a linear amplitude modulation over
the amplitudes of the optical lines of the comb. And therefore, we should use synchronous
demodulation to extract the amplitude information of the desired line of the comb. In Fig. 77 we
can observe the demodulation process of the photodetected signal. We mix the RF comb with a
reference whose frequency is equal to the frequency we want to extract from the electrical domain
and finally we low pas filter the signal. The result is a frequency linearized signal that has the

parameters of the input mechanical vibration signal.
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Fig. 77 Demodulation process of the photodetected signal.

7.3 Calibration of the system

One of the most important parts of the system is the calibrating interferometer. This secondary,
system allows the absolute calibration of the displacement in terms of amplitude with the
prerequisite assumption of having a pure frequency excitation on the PZT. In Fig. 78 we can
observe the whole system and particularly the calibrating interferometer that is circled with a

dashed line.

RF generator

Fig. 78 Complete mounted setup.

The interferometer is used to calibrate the system. The same stimuli are applied to the active part
of the interferometer and the fiber grating sensor for determining what is the value of strain

applied.
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The algorithm for demodulating is based on the one shown in [51]. The steps are the following:

1. Perform the FFT over the photo-detecting signal

2. Calculate the ratio between the carrier and the sidebands generated around the carrier (see
Fig. 79).

3. Calculate the modulation depth with the Bessel function relationship (67).

10log (]n(¢m)/]n+1(¢m)) —a=0 (67)

where a is the measured relationship between n-th and n +1 electrical domain tone in
decibel units (dB). ]n((l)m) represents the Bessel function of the first kind and order n. z

represents the depth modulation.

4. From modulation depth calculate the equivalent phase-amplitude ¢, as (68)

_ Znan

Z
m AO

(68)

were n is the effective refractive index of the fiber, A, is the wavelength of the laser z is

the modulation depth. Ky is the strain-optic coefficient.

5. Finally, express the phase as a wavelength related unit &,, as (69)

b,

Em =

Lerr

were Lesr is the length over which the strain is applied. The resolution of the applied strain (&,)
is dependent on the signal-to-noise ratio (SNR) of the photo-detected signal and therefore the
better the quality of the laser the lower the noise floor. On the other hand, there is a high
dependence of the SNR on the imbalance of the interferometer therefore the arms should be

adjusted carefully.
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Fig. 79 Heterodyne interferogram in frequency domain for the heterodyne interferometer.

For solving (67) for z we can choose to do it numerically. The reason is that there is no inverse
analytical function for J,(z) function as it is a non-injective function. The plots for different
intervals of z are shown in Fig. 80. Therefore, with just the attenuation between J,,(z) and
Jn+1(2) calculated in the interferogram frequency domain we can obtain a known value of z or
mechanical displacement. That value, then, can be used during the other steps of the algorithm.
For 100 dB of attenuation, we have less than microradians and therefore achieve less than a part
per billion of the laser wavelength value, in this case, less than one part per billion 1550 nm. Here
it is clear that the higher the signal-to-noise ratio the better the resolution of the algorithm. The
signal-to-noise ratio is very dependent on the bandwidth FFT window as well as the step of the
FFT algorithm. However, there is a very important physical dependence on the phase noise of the
laser and the path imbalance of the interferometer. The higher the path imbalance the higher the

noise floor for the same bandwidth.
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The result of applying a vibration over the calibrating system results in a sideband modulation in

the heterodyne system. In the case of a heterodyne interferometer, the sidebands are placed

around the acousto-optic modulation frequency and therefore, a pure sinusoidal wave will

generate several spikes spaced each an amount equal to the frequency of excitation. Their

amplitudes and the number of lines will depend, as mentioned before on the amplitude of the

vibration stimulus.

One can register the amplitude of the applied stimulus vibration signal and refer it to the

amplitude distribution of the generated sidebands. In Fig. 81 we can see how the variation of the

interfering signal depends on the amplitude of the mechanical vibration.
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Fig. 81 Interferogram response over a 200 kHz bandwidth around the electrical carrier to a 20 kHz signal at different
amplitudes.

Analyzing the ratio between the first and second harmonics one can reach an equivalent

displacement for each depth modulation in meter units.

7.4 Experimental results and discussion

Once the applied strain is calibrated with the interferometer, we can apply it to our fiber grating
interrogating system. For understanding the working principle, we can consider two electric
fields. We consider E;pp (t, ) as the electric field that is traveling along the arm of the feed-
backed acousto-optic arm and E (t, z) as the electric field of the other arm with no acousto-optic
modulation. E.,pyp(t,2z) can be written as (70). And therefore, it is a set of N optical tones
separated in the optical domain an amount that is equal to the acousto-optic modulating frequency

[42].

N
; 2mn
E.omp(t,z) = E, Z Age’ ((‘*’1+a4‘wA0M) t~Trail (z+(a—1)AL)+¢a) 70)

a=1

where E, is the electrical field amplitude at the input of the optical acousto-optic loop. 4, is an
attenuation that is dependent on the optical loop iteration and it is a function whose value depends
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on the insertion loses of the acousto-optic modulator as well as the couplers and connectors, w; is
the pulsation of the light carrier, Aw4oy, is the acousto-optic modulator driving pulsation, n is the
effective refractive index, A is the optical wavelength of the laser, A4 Is the wavelength shift
associated to the acousto-optic output optical order, AL is the length of the optical loop that the
light beam has to travel each iteration, ¢, is the modulation of the optical phase of each a-th

phasor.

For the reference tone that is traveling through the second arm, we assume it behaves as (71)

Ei(t,z) = Egel (@1t-kaz+d) (71)

where k, is the wavenumber of the laser seed and ¢, is the initial phase. The photo detected

intensity of the mix of (70) and (71) is of the form of (72)
N

2mn
—M (Zc + (a - 1)AL) —kizy + ¢q

I(z,t) Z 2E2 Agcos (adwyout + Tra

a=1

(72)

—¢1)

As we can see we obtain a multi-heterodyne mix, whose amplitude is proportional to the optical
amplitude and whose instantaneous phase is proportional to the instantaneous phase difference

between the reference tone E; (t, z) and the a-th tone of the E,,,;, (¢, z) function.

The fiber sensor will modulate the amplitude and phase of (72) A, and ¢ = ¢, — ¢, change. If
we assume small signal approach for very small amplitude vibrations the change in modulations
is linear therefore there is transduction between the vibration to the optical domain and then to the
electrical domain. We can write those variations as (73) for the amplitude variations and (74) for

the phase variations.

6Aq = KApiprationCOS (wvibrationt) (73)

where K is a constant and Ay,;prqtion€0S (Wyibrationt) 1S the mechanical vibrating signal.

5¢p = P, Cos(wvibrationt) (74)

where ¢,, is the depth modulation of the mechanical signal.
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For the demodulation, we choose to mix the interferogram analogically with a pure tone of

variable frequency bw,op and amplitude A as (75).

f(t) = Acos (bwyoput) (75)

The result of the mix between (72) and (75) is of the form of (76)

F(Avibrationr t)

§ ) 2mn
= z ZEO AaA cos (m (Zc + (a - 1)AL) - k121 + (;ba
a=1
— ¢+ (a— b)A‘UAOMt) (76)

> ) 2nn
+ Z 2E§ ALA cos (m (z.+ (a—1)AL) — kyz; + ¢,

a=1

— ¢+ (a+ b)AwAOMt)

For a = b and low pass filtering with a high attenuation on 24wy, We obtain (77).

F(Avibration: t)

2nn
= AKAvibrationCOS (wvibrationt) cos (m (Zc + (a -

— DAL~ kg7 + by — 1)

~ A KAvibrationCOS (wvibrationt) COS(¢mCOS (wvibrationt))

Experimentally, it can be demonstrated that the dispersion term of phase modulation can be
negligible, and phase-modulated is very small compared with the noise floor. This is seen from
the sideband generated by the term cos(¢,, cos(Wyiprationt)) if the sidebands are over the noise
floor, we can conclude that the dispersion influences the output response. However, in our case
we do not have any, therefore it means that ¢, = 0. Analytically, it can be demonstrated by

applying limits to (77). Thus, (77) simplifies to (78)
F(Avibration» t) o« A KAvibration Cos(wvibrationt) (78)
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(78) demonstrates that the output signal is proportional to the mechanical vibration

signal Ayipration COS(Wpibrationt)-

The vibration is applied with a PZT similar to the one shown in Fig. 82 a). A set of different cases
were acquired at 300 kHz, 400 kHz, 500 kHz, 600 kHz, 700 kHz, 800 kHz, 900 kHz and 1 MHz.
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Fig. 82 Implementation of the readout system with random fiber grating a as a sensing device. a)
piezoelectric actuator placed at 5 cm distance of the fiber, b) results of the demodulation signal at
different frequencies.

Those results are shown in Fig. 82 b).

For measuring the minimum resolution of the implementations, we use the arbitrary criteria of
having a minimum of 3 dB signal-to-noise ratio. This means that we diminish the applied
amplitude to a point in which 3 dB signal with respect to the noise floor is detected. For the
interferometer implementations and afterward we register the minimum amplitude for each of the

implemented systems.

The heterodyne calibration system is the best performer. This is due to the high concentration of
the power in the carrier used for the calibrating algorithm. It is noticeable that the homodyne
calibration has a lower noise floor than the heterodyne, however, the power of the carrier is
noticeably smaller and therefore the minimum detectable amplitude is worse than in the

heterodyne case.
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For determining the detection bandwidth, we can evaluate the signal to noise ratio with respect to
frequency. Therefore, for a parametric sweep of the frequency, the detectability of the system
falls very fast over 1 MHz. In the case of the calibrating systems, the detectability falls
dramatically over 200 kHz and therefore absolute calibration cannot be performed after that point.

Thus, our system outperforms the calibrating systems in frequency response.

The signal-to-noise ratio can be seen in terms of frequency in Fig. 83. The uniform fiber Bragg

grating slightly outperforms the random fiber grating at high frequencies.
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Fig. 83 Signal to noise ratio measured for different frequencies with Random fiber grating and uniform fiber Bragg
grating sensors a) whole spectra, b) detail of the resonance peak of the system.

7.5 Conclusions

In this chapter, a system for interrogating random fiber grating sensors has been presented. The
design uses an acousto-optic self-heterodyne comb that is injected into the under-test sensor. The
sensor modulates the amplitude of the comb lines, and this magnitude is read in the electrical

spectrum domain.

The proposed system can detect small-amplitude dynamic strain vibrations and ultrasounds up to
1 MHz which overperforms the frequency response of the calibration system based on a fiber
optic heterodyne interferometer. The measurement resolution within the calibration
interferometer bandwidth (200kHz), is two times better than the resolution achieved with the
grating sensing system.
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A very important advantage of the random fiber grating compared with a uniform fiber Bragg
grating is that there is no need to fit the laser wavelength with any particular point on the spectra.
That is because the random spectra extend over a broad range of wavelengths of about 200 nm-

300 nm.
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Chapter 8: Compact interrogation of grating sensors based on multiheterodyne dispersion
interferometry for dynamic strain measurements

8.1 Introduction

An alternative to measuring the reflection spectrum of an FBG is to use the dispersion profile
(Section 3.5). In this chapter, we present a dispersion-based approach applied to fiber Bragg
grating sensors in which the dual comb is compacted into a single dual-drive-unit optical

modulator (Chapter 6) and the fiber sensor is part of a dispersion interferometer.

This reading technique allows to increase the overall sensitivity of the system compared to the

case of the reflected amplitude reading as in Chapter 5.

A common drawback of dual-comb spectroscopy is the need for a broad-band amplitude-resolved
absorption or reflection measurement, which increases the complexity of the dual-comb and

requires precise calibration of the optical detection.

The proposed system uses a narrow-band dual comb that is achievable by using a single DD-
MZM and it is applied to the measurement of surface vibrations and ultrasounds with weak FBG

SENnsors.

The main contents of this chapter are part of the journal article published in Sensors: Dragos A.
Poiana, Julio E. Posada-Roman and José A. Garcia-Souto, “Compact Interrogation System of
Fiber Bragg Grating Sensors based on Multiheterodyne Dispersion Interferometry for Dynamic

Strain Measurements”. Sensors, 2022, 22, 3561. https://doi.org/10.3390/s22093561
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8.2 Set-up of the experiment

The experiment setup system is seen in Fig. 84. The first one is the one that is measuring the
strain and that we want to characterize in terms of performance and the second one is a
heterodyne interferometer that is intended for calibrating the measurements and for obtaining a
reference of the order of magnitude that the main system is measuring [51], [52]. The main
system uses a continuous wave laser TSL210 at 1310 nm that operates at 12 dBm of output
optical power. It is injected into the DOFC dual-drive MZM modulator that generates the
multiheterodyne source and afterward, it is injected into the Michaelson interferometer that will
read the dispersion information of the uniform FBG sensor [53]-[55]. The resulting dispersion

profile is read in PD1 in the frequency domain.

The calibrating interferometer operates as discussed in previous chapters. The absolute magnitude
is obtained with sideband generation ratios. The seed laser for the calibrating interferometer is a

Qdfb-1d-1550-50 and the chosen setup is a Mach Zehnder interferometer.

The dispersion profile of the FBG sensor can be read in terms of wavelength on the output of the
interferometer. The form of this function is pseudo-periodic [2], [3] and has information of the
strain applied to the sensor encoded in its amplitude with respect to the wavelength. For uniform,
and therefore no gradient strains, applications the spacing between the pseudo periods or fringes
is constant in uniform FBGs. However, if constant gradients are applied to the sensors a chirp in

the dispersion profile can be seen.

Compact DOFC

Laser DD-MZM
izg‘ =/ — FBG
= FOC —
PD
5 —
=

Fig. 84 Set up arrangement of the proposed system.
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Those periods can be read in a dynamic regime. By using the DD-MZM we can observe each of
the periods independently by aligning the wavelength of the seed laser with the wavelength of the

period we want to study.

The main system is composed, as seen in Fig. 84, by the LD1 laser which is a 1310 nm TSL210.
That is injected into a DD-MZM that modulates the light to obtain a serrodyne modulated dual
comb. The resulting set of tones is injected into a Michaelson interferometer built with a 50:50
beam splitter, a refractive terminal and a low reflectivity uniform FBG sensor (12% reflectivity).
The reference arm has a reflective terminal at its end and the measuring arm has the FBG

carefully installed to match the length of the reference arm.

On the other hand, the calibrating interferometer is a Mach Zehnder interferometer operating at
1550nm in a heterodyne regime. It has LD2 as a seed laser at 1550 nm and an output signal PD2
that contains the interferogram calibration measurement. It is built with two 50:50 ratio beam
splitters and an acousto-optic modulator. The arm difference is less than 1cm to ensure optimal

interference quality.

The generation of the dual-comb can be seen in Fig. 85. Four signals drive the DD-MZM. Sq; and
Sq» generate the optical sidebands. PGC is a sinusoidal signal that generates the pseudo carrier,
and the “Bias” signal is a DC signal that controls the set point of the device. Sq; and Sy, are chosen
to be 1.0000 GHz and 1.0005 GHz to cover a full semi-period with three tones. The PGC signal is
imposed to be at 4 MHz to obtain a mapping frequency of the same value as the amplitude of

modulation is less than 2V/;.

g M PMT | bporc
[

fPGC fpml

Fig. 85 PGC generation of a dual optical frequency comb with a dual drive MZM.
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An example of the optical output of the DOFC is shown in Fig. 86 detected with an OSA (model
Yokogawa AQ6370B). In this case, the modulation frequencies applied to the DD-MZM are
higher in order to distinguish the different tones with the limited resolution of the OSA (10 pm

resolution).
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Fig. 86 Generated dual optical frequency comb detected in an OSA

8.2.1 Dispersion reading

For dispersion reading, we can use a Michelson interferometer. We adjust the arms of the
interferometer and make the back-reflection response interfere and read the interferogram with an
optical spectrum analyzer. Accordingly, if we apply a uniform strain on the FBG sensor we can
observe the dispersion behavior of the sensor with strain. The result leads to a response like the

one shown in Fig. 87.
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Fig. 87 Dispersion profile of a uniform fiber Bragg grating sensor supporting different values of constant strain.
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This dispersion profile is measured for traction (blue) and compression (red). We can see how for
uniform strain stimulus; the periods of the dispersion pattern remain constant as each plane of the

FBG sensor moves the same quantity.

However, if we apply a gradient over the sensor both in traction and compression, we can expect
a function similar to the one shown in Fig. 88. The main difference compared with the previous
case is that the period of each fluctuation is variable. Therefore, a gradient of strain in the FBG

sensor implies a chirp in the dispersion profile [2], [3].
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Fig. 88 Dispersion profile of uniform FBG sensors behavior on strain gradient application.

8.2.2 Hariharan five-points algorithm

The five-point algorithm of Hariharan allows us to measure a phase difference between two

interferograms in the time domain [52], [56], [57]. It allows the measurement of relative phase

with just five values of amplitude for a g delay between each other. The I; amplitude can be

expressed V i € [1, 5] in (79) for each value of interferogram amplitude % spaced.

I, =A+ B+ 2VABcos(6 — ) (79)
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12=A+B+2\/Ecos(0—g)

I; =A+ B+ 2VABcos(0)

I4=A+B+2\/Ecos(0+g)

Is =A+ B+ 2VABcos(0 + )

Where A and B are the intensities of each arm of the interferometer and 6 is the value of the
phase. Therefore, solving for 8 we can obtain the value of the phase depending on the values of

photo detected intensities I3, [,, I3, 1, and Is. We obtain a value of phase as (80).

2(I, — I,) ) (80)
213 - 15 - 11

6 =tan™! (
Although the Hariharan algorithm is supposed to be applied in the time domain for five values
separated in time one-fourth of the period, we can apply the mathematical expressions (79) and
(80) for the wavelength domain. The result is that we need samples that are spaced one-fourth of

the understudied period.

This paradigm enables the use of a dual optical frequency comb for sampling the dispersion of the
FBG. The dual comb behaves as a sampling device for specific points over the spectra. By setting
the appropriate modulation depth we can generate five lines with the goal of sampling along the

wavelength interferogram of the system.

In Fig. 89 a) we can observe the generated comb with five lines, this allows the Hariharan
algorithm reading process. In Fig. 89 b) we can see the readout result in the central period of the

spectra shown Fig. 88.
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Fig. 89 Readout of dispersion profile via a dual optical frequency comb and the five points algorithm of Hariharan.
This approach allows the readout of FBG in dispersion with all the advantages of a dual optical
frequency comb. We obtain a very quick readout that allows high-speed vibration measurements.
The Hariharan phase can be translated easily into wavelength displacement and therefore Bragg

wavelength can be tracked to obtain a strain or temperature measurement

8.2.3 Reduced Hariharan algorithm

The working principle of the main system is based on a reduced version of the five points
Hariharan algorithm. If we place just three comb lines in the period that we want to study and we
trim the spacing to impose a 90° spacing between the read points, we can achieve an optimized
configuration that has maximum sensitivity. As shown in Fig. 90 a) the middle tone is aligned
with the maximum reflectivity of the period and the other two tones I; and I5 are aligned with the
-90° and +90° points respectively. Fig. 90 b) shows how if any perturbation is applied to the FBG

sensor, the period will shift and accordingly the amplitude of the tones is modulated.
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Fig. 90 Principle of measurement: a) three mode approach measurement in a static regime, b) three mode
measurement in dynamic regime

For each one of the modes, an optical mix will be produced between the reference arm and the
FBG arm of the interferometer as shown in Fig. 91. The tone reflected on the reference arm will
travel backward and will mix with the tones that are reflected in the FBG sensor. As the mixes
will happen for all the tones, theoretically, we will have multiple mixes for each reference tone.

However, and due to the photodetector bandwidth, just the homolog tones will have an image in
the RF domain.
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wavelength at a m—
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Fig. 91 Optical mix of the sensing mode and the reference mode of the dispersion readout.

The result is a multiheterodyne set of harmonics with injective mapping from the optical domain
to the electrical domain. They can be read directly from the frequency domain and, therefore,
their amplitude can be recovered accordingly by means of synchronous demodulation. This is
achieved by mixing the interferogram with a signal corresponding to the tone I3 and subtract it
from the value of amplitude modulation of the /5 tone. In the case of 4 MHz frequency mapping

and spacing of 500 kHz between RF images, we can use a demodulating scheme like the one
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shown in Fig. 92. I3 amplitude information can be extracted from 3.5 MHz harmonic tone and I

information can be extracted from the 4.5 MHz harmonic tone.
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Fig. 92 Synchronous demodulation scheme for vibration recovery

8.3 Results

We measured the noise levels for different bandwidth resolutions in order to determine the quality
of the measuring signal. We observe in Fig. 93 that for a higher sampling rate (x-axis) we obtain
lower noise being able to reach levels of 20 pV?/Hz for the case of the Santec laser and of about

10 pV?/Hz in the case QDFB-LD-1550-50.
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Fig. 93 Equivalent noise as a function of the bandwidth resolution for both lasers.

The result at the output of the synchronous demodulation we directly obtain a differential
measurement that corresponds to the applied vibration in a small-signal regime. The main system
can detect up to 140 kHz with a detection amplitude in the range of 215 ne. In Fig. 94 it can be
observed a set of acquisitions correspondent to different mechanical vibrations measured with the

main system.
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Fig. 94 Detected signals for different mechanical vibrations applied at different frequencies.
The detection range of the system was measured at 20 kHz and with the calibration
interferometer. In our case the vibration range at this frequency corresponds to an inter-tone

attenuation of 25 dB of attenuation as seen in Fig. 95 a). This corresponds to a depth modulation
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Fig. 95 Calibrating signal for the 20 kHz mechanical vibration signal: a) frequency domain of the
interferogram of the calibration point b) theoretical calibration curve.

125



Chapter 8: Compact interrogation of grating sensors based on multiheterodyne dispersion

interferometry for dynamic strain measurements

of 0.1 rad as shown in Fig. 95 b), which corresponds to 215 ng signal amplitude (see chapter 7.3).

8.4 Discussion

The performance comparison of the proposed system with respect to previous architectures of this

thesis is presented in Table 2.

The theoretical limits depend on the bandwidth of the measurement system, the visibility of the

interferometer and the operating wavelength. The ideal values are shown in Fig. 96 For the case

of phase noise limits, we observe a linear relationship in logarithmic axis (Fig. 96 a)) as well as in

absolute length imbalance measurement Fig. 96 b))

In the red dashed line, we can observe the operating zone of the interferometer built with the

high-quality laser (KOHERAS ADJUSTIK E15) in terms of bandwidth and maximum achievable

resolution and the black dashed line represents the operation region of the interferometer built

with laser QDFB-LD-1550-50.

Electro-
DD-MZM dual
optic dual q q
System Acousto- comb and Calibration
optical
implemented optic comb dispersion interferometer
frequency
interferometer
comb
KOHERAS QDFB- | KOHERAS
QDFB-LD-
Laser seed S50 ADJUSTIK Santec TSL 210 LD- ADJUSTIK
E15 1550-50 E15
Minimum
50 ne 814 pe 215 ne (20 dB SNR) | 250 ne 57 pe
strain
Detection
120 kHz 1 MHz 135 kHz 40 kHz 200 kHz
bandwidth

Table 2 Comparison between the main architectures implemented in the thesis
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The quality difference between both lasers is about three orders of magnitude in resolution terms

and of measurement resolution and about one decade in terms of frequency bandwidth.

E
5 £
o -
g 3 10710+
o -
2 10°} o
= @
c [e]
@ c
o €
% s 10715
g g
0] =]
$ 10711 g
4]
< £
o 2
[0}
)

10° 10°

0 5
10 10 Bandwidth (Hz)

Bandwidth (Hz)

Fig. 96 Theoretical limits for interferometry sensors a) Phase equivalent noise, b) Length equivalent noise (both
adapted from [58]).

8.5 Conclusions

In this chapter, we have shown a new architecture for reading FBG sensors in a dispersion
regime. The variation of the optical phase has been measured in terms of wavelength in order to
measure ultrasonic vibrations. The measurements were carried out with a multimode

multiheterodyne source implemented with a dual-drive Mach-Zehnder modulator.

This chapter demonstrates:

e The viability of the new proposed scheme of the multiheterodyne source to perform
spectroscopy over FBG sensors.

o The readout of dispersion characteristics of a low reflectivity FBG [59] that can be
potentially used for array readout of multiple FBG sensors.

e The over-performance of this technique compared with its homolog interferometer.

e The viability to generate a multimode multiheterodyne source at 1310 nm and 1550 nm
with the same optical device.

e A comparison between some of the techniques used in this thesis.
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The proposed system exploits the lower optical span of a dual-comb based on a single DD-MZM
and, at the same time, obtains better results than our previous implementation in Chapter 5.

The incident dual-comb samples several points in the spectrum that are sensitive to Bragg
wavelength changes through the optical phase. The spectra reading is improved due to the
external interferometer. The narrow-band detection of the fiber sensor dispersion changes that we
demonstrate will enable compact, cost-effective, high-resolution multiheterodyne interrogation of
high-throughput interferometric fiber sensors. These characteristics open its application both to
the detection of fast phenomena such as ultrasound and to the precise measurement at high speed
of chemical / biological sensing samples. The results with a low reflectivity fiber Bragg grating
showed detection of dynamic strain in the range of 215 ne with better than 20 dB signal to noise

ratio and up to 135 kHz (ultrasonic range).
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“Who taught you all this, doctor?"
The reply came promptly:
"Suffering.”

— Albert Camus



Chapter 9: Conclusions and future work

9.1 Conclusions

This thesis shows different techniques based on multimode multiheterodyne sources and
optical fiber sensors for measuring acoustic waves and ultrasound waves. It uses
interferometrical tools and optical fiber sensors to study the applications of these
techniques on complete instrumentation systems that can perform better than their

homolog interferometer.

The presented approaches cover self-heterodyne combs, acousto-optic combs,
electrooptic dual optical frequency combs, and a new implementation variant: the pure
electrooptical dual-comb based on phase-generated carrier and serrodyne frequency
shifting. All those types of sources are applied to the interrogation of the following
sensors: uniform fiber Bragg gratings, random fiber gratings, chirped fiber Bragg
gratings, and low reflectivity fiber Bragg gratings. The whole discussion focuses on how
to implement those techniques and how to check some of the system properties that are
important for the implementations, such as the optical broadness, the optical tunability,
the RF mapping frequency, the RF broadness, the number of tones, etcetera. Moreover,
calibration processes are shown for characterizing the capabilities in dynamic strain
measurements and the wavelength resolution in the case of an HCN calibration cell. It is
proven that the proposed fiber-optic sensing systems overperform the fiber-optic

calibration systems.

These new architectures lead to a simpler arrangement compared with the previous
systems built, as the final proposed systems are implementable with just a single compact
component. Either an acousto-optic modulator for generating the self heterodyne source,
or a dual-drive Mach-Zehnder modulator for generating the multiheterodyne source only

electro-optically.

We can point out that most of the proposed interrogation systems can operate at several
wavelengths in the window of 1310 nm and 1550 nm. This characteristic can lead to
more complete functionalities and even multi-wavelength operation, as opposed to the
huge immensity of state-of-the-art proposals, that focus on wideband optical comb
generation, but they mainly dismiss a wideband wavelength operation due to the
possibility of multiple input sources.
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The achievements of this thesis are summarized as follows:

e Implementation and characterization of optical frequency combs and dual

optical frequency combs for fiber sensors readout at 1310 nm and 1550 nm.

e Design and set up of prototypes based on a set of different multiheterodyne
techniques for fiber sensing implementation: electro-optic dual optical
frequency comb with acousto-optic frequency shift, all electro-optical dual
optical frequency comb based on PGC and serrodyne modulation and finally,

self-heterodyne optical frequency comb based on acousto-optic feedback.

e Vibrations measurements at ultrasound frequencies with the aforementioned

optical sources and optical fiber sensors based on FBG.

In chapter 5 it was presented a dual-comb readout system for fast fiber Bragg grating
interrogation. It is based on the architecture of the dual-comb composed of two electro-
optical modulators and an acousto-optic modulator. The proposed system can detect up to

120 kHz with an amplitude of 340 ne and resolution of 50 pe.

In chapter 6 an alternative implementation method was presented for generating a dual-
comb based on a single chip dual-drive Mach Zehnder modulator. The setup was tested

with an absolute reference based on an HCN cell.

In chapter 7 a system based on a self-heterodyne acousto-optic comb was presented. The
system can read random fiber grating sensors in a small signal regime. It can reach 1

MHz bandwidth of mechanical vibration stimulus and resolution of 814 pe.

In chapter 8 a system able to read dispersion in FBG was presented. The device is based
on a single chip implementation of the dual-comb and a dispersion interferometer. It was
applied to the measurements of ultrasounds up to 135 kHz of mechanical frequencies,

amplitude of 215 ne with SNR better than 20 dB.
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9.2 Future work

The future investigation lines of this work are very broad because the techniques shown
here can be expanded and used for other types of fiber sensors. Moreover, multiple-stage
and multiple-seed expansion techniques can be used to obtain more wavelength coverage

on the optical domain of the multimode sources.

Overall, this thesis presents general spectroscopic techniques for the specific goal of
sensor interrogation. Therefore, the application of these tools can be explored for other
problems that involve absorption/attenuation changes due to the fiber sensor or dispersion

changes in the fiber sensor.

A specific example of application is to extend the use of the compact dual-comb
implementation for long period grating (LPG) sensors by injecting several lasers to the
same modulation device. This implementation allows to extract the transmission
attenuation profile of the LPG in several wavelength regions at the same time, as it is
shown in Fig. 97. In addition, it could be also adapted to obtain the dispersion profile of

the sensor and its changes with a measurement target.

fl —-—
[z ] o LPG
D TR e

f3

Fig. 97 Implementation of multiple wavelength operation dual optical frequency comb.
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Truly distributed optical sensing along an optical fiber may be also done with non-
functionalized fiber and multiheterodyne sources by applying mixed interferometers as

Mach-Zehnder-Sagnac layouts [60], [61].

The evolution of different implementations throughout the thesis culminates in very
compact schemes based on a single device. As a consequence, great possibilities of
application in field open up due to their size and their robustness for these environments,
compared with others based on fiber optic interferometric schemes. The main challenges
in this case are to expand the density of sampled points in the optical spectrum (optical
comb tones) and/or to expand the separation between consecutive sample points. These
limitations are primarily imposed by the dual drive Mach-Zehnder modulator, whose
modulation depth is limited. It is possible to explore the expansion in comb density by
means of multiple cascade modulators [62], [63], the separation of comb tones by means
of non-linear fiber [64] and the sampling of various regions of the optical spectrum by
means of multi-wavelength seeds (laser arrays). These last open the possibility of
inhomogeneous sampling of the optical spectrum adapted to the characteristics of the

interferometric fiber sensor.
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Glossary

ADC Analog to Digital Converter

AOM Acousto-Optic Modulator

AM Amplitude Modulation

DD-MZM Dual Drive Mach-Zehnder Modulator
DOFC Dual Optical Frequency Comb
DOFCG Dual Optical Frequency Comb Generator
DOFS Distributed Optical Fiber Sensors
EOM Electro-optic modulator

ESA Electrical Spectrum Analyzer

FBG Fiber Bragg Grating

MZM Mach-Zehnder Modulator

NDE Nondestructive Evaluation

OSA Optical Spectrum analyzer

PGC Phase Generated Carrier

RF Radio Frequency

SHM Structure Health Monitoring



SNR Signal to Noise Ratio

VCSEL Vertical Cavity Surface Emitting Laser
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