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ABSTRACT
The range of application of spectroscopic instruments is so broad
nowadays that encompasses various areas of engineering, industry and
scientific research. Consequently, different techniques and spectral analysis
methods have been developed for the characterization of the numerous
samples regularly targeted by spectroscopic sensors. In this doctoral
dissertation, contributions have been made to virtually all of the main
components that make up spectroscopic systems.
Different methods, architectures and spectral data analysis algorithms
have been proposed for environmental and biomedical applications
particularly. In this way, novel techniques and architectures for molecular
spectroscopy based on the measurement of optical dispersion have been
presented (unlike most of the current methods that are based on the
measurement of absorption). This approach, whereas maintain a reasonably
low level of complexity, overcomes most of the limitations associated to
absorption-based methods, providing an improved performance in some
areas of the analyzers. Even though two of the proposed architectures for
the estimation of gas concentration are based on the use of tunable lasers
for the characterization of the spectral profile of the sample in the vicinity of
an absorption feature, the best performances have been obtained using a
dual-comb source. In fact, the development of new robust architectures for
dual-comb spectrometers based on combs synthetized by the modulation of
continuous wave lasers has been one of the main lines of work of this thesis.
Although having a narrower spectral coverage than traditional combs, these
sources provide far lower costs and complexity and the robustness of the
generators is far higher. Most of the efforts have been made towards the
developments of the new dual-comb architectures that allow to take
advantage of the use comb-based systems out of the metrology laboratory.
Finally, contributions on the integration of complete spectroscopic
instrumentation systems, including spectral analysis techniques based on
Blind Signal Separation have been made. For that, a non-invasive biomedical
spectroscopic instrument has been developed and used as a benchmark to
study the viability of diffuse spectroscopic methods and spectral data
classification techniques in the monitoring of the state of angiogenesis of a
bioengineered skin substitute.
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RESUMEN
El ámbito de aplicación de la instrumentación basada en
espectroscopía es tan amplio que abarca áreas de ingeniería, de la industrial y
de investigación científica. De este modo, diferentes técnicas
espectroscópicas y de análisis espectral han sido desarrolladas para la
caracterización y medida de los numerosos objetivos que son habitualmente
estudiados por sensores espectroscópicos. En esta tesis doctoral, se han
realizado contribuciones en, prácticamente, todos los bloques constituyentes
de un sistema de espectroscopía.
Distintas técnicas, arquitecturas y algoritmos de análisis espectral han
sido propuestos, principalmente, para aplicaciones ambientales y
biomédicas. Han sido presentadas nuevas técnicas y arquitecturas para
espectroscopía molecular basadas en la medida de la dispersión óptica, a
diferencia de la gran mayoría de los sensores actuales que basan su
funcionamiento en la medida de absorción. Esta aproximación mantiene
unos niveles de complejidad de implementación razonablemente reducidos;
a la vez que, soluciona la mayoría de limitaciones asociadas con los métodos
basados en
absorción óptica; proporcionando, además, mejores
prestaciones en muchas de las áreas de funcionamiento de los analizadores
moleculares. Aunque algunas de las arquitecturas que se proponen en esta
tesis están basadas en la utilización de diodos sintonizables en frecuencia
para la caracterización del perfil espectral de gases en las inmediaciones de
transiciones moleculares, los mejores resultados se han obtenido con la
utilización de fuentes duales de peines de frecuencias ópticas (dual-OFCs).
De hecho, el desarrollo de arquitecturas robustas para espectrómetros
basados en dual-OFCs, generados a partir de la modulación de un láser de
onda continua ha sido una de las líneas principales de investigación de esta
tesis. Aunque presentan una menor cobertura espectral, estas fuentes ópticas
poseen niveles mucho más reducidos de coste y complejidad que los
esquemas clásicos, proporcionando una gran robustez. Los principales
esfuerzos de este trabajo se han dirigido a aprovechar dicha robustez para el
desarrollo de nuevas arquitecturas, que permitan aprovechar las
características de los peines de frecuencias ópticas en sensores desplegables
fuera de un laboratorio de metrología. Del mismo modo, se han realizado
contribuciones en la integración de sistemas de instrumentación
espectroscópica, incluyendo técnicas de análisis espectral basadas en
Separación Ciega de Fuentes. Por ello, un instrumento espectroscópico no
invasivo ha sido desarrollado para ser utilizado como banco de pruebas en
un estudio de la viabilidad de la utilización de métodos de espectroscopía
xv

difusa y de clasificación de datos espectrales para la monitorización del
estado de angiogénesis de injertos de piel artificial.
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1. INTRODUCTION
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1.1 OPTICAL SPECTROSCOPIC SYSTEMS
Optical spectroscopy studies the dependency with the wavelength of
various phenomena associated to the interaction between matter and light
(like absorption, dispersion or scattering). Even though other schemes have
been presented, this dissertation is focused on the study of active
spectroscopic techniques for spectral interrogation in which the light source
is a part of the spectroscopic system. Thus, these instruments measure the
optical spectrum resulting from the propagation (or the reflection) of the
light emitted by an optical source through an optical medium. Nevertheless,
the desired result of the system is not generally the spectral data themselves,
but the composition or the concentration of constituents in the medium
and, therefore, further processing, modelling, calibration or classification
methods have to be used in order to obtain a final instrument.
There are numerous spectroscopic techniques, some better suited than
others, for targeting particular components and optical media. Therefore,
illumination and detection schemes vary accordingly from the simplest
spectroscopic architectures for directly measuring the fraction of optical
intensity reflected from a surface or transmitted through a medium, to the
more complex approaches based on modulated optical sources or Raman
detection. The basic block diagram of an active spectroscopic system is
shown in Fig. 1-1 in which a differentiation is made between the
spectroscopic technique and the methods for signal processing, spectral
analysis and information extraction.

Fig. 1-1. Basic block diagram of a spectroscopic system.
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There exist different options in terms of the sources to use in an
optical system, from the narrow lines of lasers to broadband emitters like
the classical Tungsten-Halogen lamps or solid state Light Emitting Diodes
(LED). While the first ones stand out by its high spectral intensity densities
and extremely small bandwidths, broadband optical sources have a broad
spectrum that allows to measure the optical characteristics of a medium in a
wide range of frequencies simultaneously. A different broadband emitter is
the recently emerged Optical Frequency Comb (OFC) that provides an
optical spectrum which (in some implementations) has thousands of
equidistant narrow linewidth tones spread over a range wider than an
octave [1,2]. Even though an OFC is an optical source that combines the
positive features of both lasers and broadband emitters, the complexity of
implementation and cost of these sources is nowadays far higher than those
of other emitters, and its use out of the metrology laboratory is still very
challenging.
Even though multi-source laser spectroscopic sensors can characterize
different spectral points in a range only restricted by the complexity of the
sensor and the wavelengths of emission of the devices, lasers are more often
employed in the measurement of narrow spectral features in which their
tunability possibilities are exploited (as presented in section 1.3). In this way,
the frequency of the source is swept over the spectral range of interest while
a photodetector measures the wavelength dependent optical intensity or
phase shift. On the other hand, broadband emitters are the preferred option
for instruments that must cover a wide spectral range; these sources
nonetheless need a spectral detection method to separate the different
frequency components of the optical signal. These methods will be also
covered in section 1.3.
The spectroscopic technique (Fig. 1-1) provides therefore a
measurement of the optical spectrum that has been influenced by the optical
medium. Nonetheless, this measurement must be further processed to
extract the information of interest for the instrument (concentration of
analytes in the medium for example). The first step of this procedure is the
acquisition (digitization) of the signal that is made by an analog to digital
converter. The subsequent digital processing is tightly related to the
spectroscopic method employed. Therefore, for certain architectures it is
necessary to identify the absorption peak, while in others systems a Fourier
transformation or a synchronous detection must be performed. The spectral
measurement is also generally affected by problems like the baseline,
variations in the optical intensity of the source, or ethalon fringes that must
4

be addressed. The last step in the process is known as calibration and
consists on providing an assessment of the concentration of analytes. This
task is reasonably simple in the case of targeting single species, but becomes
more and more complex with the increasing amount of analytes in multispecies scenarios. The performance yielded in this situation by classical
information extraction or light propagation modeling methods is very often
limited by the complexity of the optical media, and therefore data
classification algorithms are usually employed. These classification methods
have been developed for the identification and quantification of the
contributions of the analytes that are present in the medium and are
reviewed in more depth in chapter 4.
The results obtained by the procedures described in the previous
paragraphs are the final output of the spectroscopic instrument. This output
is usually the concentration or identification of spectral contributors in the
medium, but it can also be the temperature, the pressure, the rate of
movement or any other parameter of the target. Even though this set of
procedures can be ―manually‖ performed in the first demonstrations of a
technique or a spectroscopic architecture, the obtaining of a deployable selfcontained spectroscopic instrument requires incorporating all of the tasks
associated to the different steps during the integration phase. These tasks go
from the control of the spectroscopic sensor by a processor, to the
acquisition and digital processing of the optical spectrum, the visualization
of results or the implementation of the user interface.
Complementing the information given in Fig. 1-1, in the next sections
different aspects of a spectroscopic system will be reviewed in more depth.
This analysis starts with a description of the properties of optical media in
which differentiation is made between non-scattering and scattering optical
media. Then, several spectroscopic techniques classified as a function of the
width of the spectral feature that are designed to target are presented. As it
was previously said, the end result of spectroscopic instrument is not
generally the optical spectrum, but the composition or the concentration of
constituents in the medium, thus in section 1.4 the main consideration and
procedures for spectral analysis are presented. After detailing the different
components of the sensor, several aspects of system integration for
spectroscopic instruments are covered. Finally, the objectives and
organization of this PhD dissertation are presented.
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1.2 CHARACTERISTICS OF OPTICAL MEDIA
1.2.1 Non-scattering optical media
In any optical medium in which propagation is mainly determined by
absorption and the optical intensity is small enough to not introduce nonlinear behaviors, the propagation of light is well determined by the complex
index of refraction. An optical signal can be represented as:
(1-1)
where
is the optical electric field,
the amplitude,
is the angular
frequency, the time, the wavenumber and the direction of propagation.
When this electro-magnetic wave travels through an optical medium with a
complex refractive index given by:
(1-2)

the amplitude of the resulting optical wave is attenuated ( is the absorption
coefficient) and its wavenumber increased (
):
(1-3)
⁄ ) is therefore reduced and so it is the speed of
The wavelength (
propagation (phase velocity) of the signal. Moreover, both the real and
imaginary parts of the complex refractive index are frequency dependent
and therefore absorption as well as the speed of propagation are a function
of the frequency of the optical signal travelling through the medium.
It is possible to analytically obtain the complex index of refraction of a
spectral line of a gaseous media at sufficiently low pressure (considering the
interaction between molecules negligible) assuming that the model of a
damped oscillator represents the behavior of isolated atoms and molecules.
The expressions obtained in this way for the real and complex parts of the
index of refraction are known as the Kramers-Kronig equations [3,4]. These
relations, that are given in Eq. (1-4) and (1-5), were derived independently
6

by Hendrik Anthony Kramers and Ralph de Laer Kronig in 1926 and 1927
respectively and allow to obtain the refractive index profile from the
wavelength dependent absorption coefficient and vice versa.
(1-4)

(1-5)

where

is the number of oscillators (molecules) per unit volume, the charge
under the influence of the electric field of the optical wave,
the resonant
frequency of the oscillator and the oscillator linewidth. As shown then by the

Kramers-Kronig relations, frequency dependent refractive index variations
are as inherent to molecular or atomic absorption lines as absorption itself.
As a reference, the profiles of the absorption coefficient and the refractive
index of a gaseous medium in the vicinity of a molecular transition of center
λc are plotted in Fig. 1-2.

Fig. 1-2. Profiles of the absorption coefficient and the index of refraction in the vicinity
of a molecular transition with center c.
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It is well known that molecules have multiple resonances that are
related to vibrational and rotational modes (in the NIR) with particular fixed
frequencies that are characteristics of the structure of the molecule. As an
example, the frequency dependent absorption coefficient of ammonia is
shown in Fig. 1-3. The absorption profile is the result of the contribution of
the overlapping of the different resonances of the molecule. This frequency
dependency of the absorption and dispersion spectrum of gases allows
spectroscopic instruments to perform species identification. In the same
way, as shown by Eqs. (1-4) and (1-5), both absorption and dispersion are
related to the concentration of molecules (oscillators) per volume area and
this enables the estimation of concentration.

Fig. 1-3. Absorption coefficient of ammonia as a function of the wavelength. [5]

The absorption and dispersion spectra of gases are reasonably simple,
being composed of several groups of spectral features that overlap forming
lines of absorption and dispersion. The position of these lines is
characteristic of the molecule under study, and the amount of attenuation or
optical dispersion is directly related to the concentration of gas. It must be
noted that the relationship between the attenuation and the concentration is
exponential (Beer-Lambert law) whereas dispersion and concentration are
linearly related.
As a difference with gases, the much narrower distances between
atoms or molecules in solid and liquids induce stronger interactions that
results in the broadening of the spectral features. Whereas the transitions of
8

the molecules in liquid or solid phase form wide spectral features of tens of
nanometers in width, the widths of the absorptions lines of molecules in
gaseous state are three orders of magnitude narrower, in the region of a few
tens of picometers (several GHz). A comparison between the spectral
characteristics of liquid water and water vapor is shown in Fig. 1-4 for
reference. The broadening of the spectral features and the effects of intermolecule interactions are evident. It is worthwhile to note that the
absorption coefficient of water vapor has been multiplied by 100 for viewing
purposes.

Fig. 1-4. Absorption coefficient of liquid water and water vapor [5] in the 1000 nm to
1600 nm range. The absorption coefficient of water vapor has been zoomed in 100
times.

As it has been previously said, and as happens with the absorption
coefficient, the index of refraction of a liquid or solid sample is also (as
implied by the Kramers-Kronig relations) frequency dependent, and this
causes electro-magnetic waves to travel at different speeds though the
medium. One of the most representative examples of the effects of
dispersion in solid optical media is the behavior of optical fibers. For
illustration purposes, the absorption spectrum of an optical fiber is shown in
Fig. 1-5 (where the attenuation profile is given by factors like light scattering
on material inhomogeneities or losses due to hydroxyl ions) and the
dispersion profile is shown in Fig. 1-6.
9

Fig. 1-5. Attenuation of an optical fiber as a function of the wavelength.

Fig. 1-6. Refractive index profile of and optical fiber as a function of the wavelength.

Getting back to the block diagram of Fig. 1-1, it now becomes clear
why broadband emitters or multiple sources are normally chosen for the
characterization of the wider spectral components of liquids and solids, and
tunable lasers are usually used for gas analysis and monitoring. The
differences between the optical sources make mandatory the use of different
detection schemes. For example, while a simple measurement of intensity
can be used for the detection of a tunable laser, some type of spectral
interrogation method (like a spectrometer) must be employed to analyze the
optical spectrum of a broadband emitter. These different illumination and
detection approaches are reviewed in section 1.3
10

The spectral features and spectroscopic methods have also an
influence in the spectral analysis to perform for the extraction of
information. The wider spectral features of liquids and solids make more
complex the identification of the analyte because of the stronger similarities
between different components. In these media, instead of the narrow
spectral features concentrated around rotational transitions of the molecules
of gases, there is a continuum level of absorption with much wider peaks.
This is reflected in the difficulties to separate the contribution of different
molecules in the common situation of complex optical media with multiple
components. Therefore, this task is very often accomplished by taking
advantage of data classification algorithms.

1.2.2 Scattering optical media
As a difference with the absorption limited propagation of light in
molecular samples (and in non-scattering samples in general), the
propagation of light in what are known as turbid media is mainly defined by
scattering. Typical examples of turbid media are biological tissues, that will
be the target of the spectroscopic instrument and the spectral processing
techniques presented in the fourth chapter of this dissertation. Therefore,
even though absorption is strongly present in biological samples, the
propagation of light in tissues is mainly determined by scattering events. The
particularities of this type of propagation and its influence on spectroscopic
techniques are reviewed in this section.
The propagation of light in turbid media is determined by two
wavelength dependent parameters, the absorption and the scattering
coefficients. The absorption coefficient
is defined here as the inverse
of the average distance travelled by a photon through the medium before it
gets absorbed (absorption length). In the same way, the scattering
coefficient
is the inverse of the average distance travelled by a photon
through the tissue before it is scattered, that is equal to the inverse of the
scattering length. Nevertheless, the scattering coefficient is corrected
depending on the average angular distribution of the scattering events
resulting in the reduced scattering coefficient
:
(1-6)
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where is the anisotropy factor that is equal to the average of the cosine of
the scattering angle.
Then, it is possible to define the transport coefficient
(1-7)
that is equal to the inverse of the transport mean free path, defined as the
average distance travelled by a photon through the turbid medium before its
direction is randomized.
In the example of biological tissues, cells, cell organelles and collagen
are responsible for scattering, whereas hemoglobin, melanin, lipid and water
are responsible for absorption. Given that the absorption spectrum of these
chromophores is well-known, if the effects of absorption and scattering in
the back reflected optical spectrum are separated, it is possible to assess the
concentrations of each one of the tissue components [6]. As an example, in
Fig. 1-7 the absorption spectrum of fully oxygenated and fully deoxygenated
blood is shown.

Fig. 1-7. Absorption coefficient as a function of the wavelength of fully oxygenated (red)
and fully deoxygenated (blue) blood.
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From the analytical point of view, the separation between of
absorption and scattering can be performed by the diffusion transport
model. Even though the Radiation Transport Equation (RTE) [7] provides
the basis for the separation, the complexity of this identity makes that a
solution can only be numerically computed (with the exception of
extraordinarily simple examples). Nevertheless, it is possible to derive the
much simpler Photon Diffusion Equation (PDE) from the RTE taking
advantage of several assumptions. For the PDE to accurately approximate
the RTE,
must be much higher than
and the distance travelled by
photons in the tissue much larger than the transport mean free path
previously defined. A generally accepted limit is that the distance travelled
by the photon must be at least ten times larger than the transport mean free
path. There are different reviews and texts in which these analytical models
and the different procedures to derive the PDE are covered [6,8].
The PDE sets the mathematical means for the description of the
propagation of light as a function of the optical properties of the turbid
medium. Thus, in a medium with well characterized optical coefficients, the
PDE can be solved for certain boundary conditions to yield the intensity of
light diffusely back reflected from the tissue as a function of the wavelength.
These results are known as the solution to the forward problem, i.e. the
obtaining of the back scattered spectrum from the optical characteristics (
and ) of the sample.

Fig. 1-8. Representation of the propagation of photons in biological tissues.

If the conditions for the accurate approximation of the RTE are
fulfilled, the analysis of the physical meaning of the PDE provides a very
descriptive picture of the propagation of light in biological tissues that is
represented in Fig. 1-8. Photons travel through tissues in straight line
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segments of an average length equal to the transport mean free path. After
one segment is completed, the photon is either absorbed, and the energy
thermally dissipated, or scattered with random direction. This process is
repeated over and over again until the photon escapes from the tissue or it is
absorbed by a chromophore.
As happened in the case of the analysis of non-scattering liquid and
solid media, there is an overlapping between the wide spectral features of
the components of biological tissues (clearly shown in Fig. 1-7). Therefore,
the estimation of the concentration of a certain analyte is very often so
complex that there are no analytical expressions or modeling methods
capable of performing this assessment with high accuracy. Therefore, this
task must be accomplished by taking advantage of data classifications
algorithms that quantify the contributions of the various components of the
tissue. As it was previously said, these spectral analysis techniques are
reviewed in more depth in section 1.4.

1.3 INTRODUCTION TO SPECTROSCOPIC
TECHNIQUES
In an active spectroscopic instrument it is possible to distinguish
between the illumination scheme (associated to an optical source) and the
detection technique. Many spectroscopic measurement approaches have
been proposed and developed over the years to address different problems,
and some of the most widely extended techniques are presented in this
section. A differentiation is made between methods developed to target
narrow spectral features and those devised for wide range spectral
characterization.

1.3.1 Narrow-band spectroscopic methods
The development of narrow-band spectroscopic methods is tied
closely to the evolution of molecular gas analyzers. Since the main
characteristic of a molecular transition line is its narrow width (tens of pm),
different architectures designed to optimize the measurement of these
features have been proposed. As could not be otherwise given the high
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density of power of near-monochromatic sources in comparison with
broadband emitters, tunable lasers (especially diode lasers) are the light
source in which these techniques are based on. These methods can be group
together in what it is known as Tunable Diode Laser Spectroscopy (TDLS)
techniques. The tunability of diode lasers allows to sweep the spectral
feature of interest by controlling the temperature of operation and/or the
injection current, whereas the high intensity increase the sensitivity of the
sensor in relation to other light sources. For illustration, the tunability
characteristics of a Vertical-Cavity Surface-Emitting Laser (VCSEL) are
shown in Fig. 1-9 for different forward currents [9]. Moreover, new
architectures are being developed with tuning ranges of more than 100
nm [10].

Fig. 1-9. Optical spectrum of a VCSEL for different injection currents [9].

TDLS methods are presented in the next paragraphs starting with
absorption based approaches and then presenting molecular dispersion
spectroscopic methods.
The most basic TDLS technique is known as Direct Laser
Absorption Spectroscopy (DLAS) [11–13]. The power transmitted through
a medium is measured while the laser is swept over a spectral feature to
calculate the absorbance of the medium. In this way it is possible to estimate
the concentration of a gas from the absorption coefficient. Multi-species
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detection is viable if absorption features of different molecules are swept.
Nevertheless, DLAS present several limiting issues. The first one is that the
sensitivity of the sensor is highly limited by a high DC level, what it is
known as the baseline problem. In absence of absorbing molecules, the
power transmitted through the gas sample is maximum, and increasing
analytes concentrations exponentially decrease this maximum level. The
difficulty to measure small signal variations over high DC levels limits the
sensitivity of the systems and, on top of that, this sensitivity is also
deteriorated by the influence of Flicker and shot noise [14]. Besides this, the
level of signal reaching the photodiode out of the spectral line needs to be
accurately measured to be used as a normalization factor of the decrease in
power produced by the gas molecules. This is essential to obtain an
estimation of the concentration that is immune to fluctuations in the
transmitted power that can be produced by many factors, from pointing
instabilities, to atmospheric turbulences and weather phenomena. The
sensitivity problem of DLAS can be mitigated using techniques based on
modulation methods, greatly improving the sensitivity of gas detectors.
Wavelength Modulation Spectroscopy (WMS) [15,16] takes
advantage of the slow modulation of the wavelength of emission of a laser.
In the widely extended case of using laser diodes for WMS systems (and
even though it brings associated also the modulation of the output power)
the wavelength modulation is generated by modulating the injection current
of the laser. It is important to note that there is an optimum wavelength
modulation amplitude that maximizes the output signal [17], this point is
mainly dependent on the linewidth, but also on the line shape. At
atmospheric pressure, collisions between molecules broaden the otherwise
Doppler profile of spectral lines in what is known as collisional or pressure
broadening. In this situation, the line shape profile is generally accepted as
Lorentzian [18]. Then, for Lorentzian spectral lines the optimum
modulation wavelength amplitude is equal to 2.2 times the linewidth of the
spectral feature, and in the case of Doppler profiles the optimum point
becomes 2.1 times. These figures are given for what is known as 2f
detection operation, in which the power transmitted through the sample is
detected at the second harmonic of the wavelength modulation frequency.
Hence, the output signal (the amplitude of the 2f harmonic) is only different
from cero when a spectral feature distorts the wavelength modulated
monochromatic light. Therefore, this approach provides the benefit of
eliminating the baseline problem, one of the main issues of DLAS. Apart
from that, since the signal is shifted to a relatively high frequency, the signal
to noise ratio is in the same way improved (an interesting study related to
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this point can be found in Ref. [14]). Nevertheless, WMS do not solve the
problem of power normalization and hence, the output signal will get bigger
in value if the power transmitted through the gas gets bigger and vice versa.
A good comparison between DLAS and WMS is made in a recent
optical gas sensing review article by Hodgkinson and Tatam [19]. One of the
illustrations of this paper (Fig. 33) is reproduced in Fig. 1-10 in which the
differences between the implementations of both techniques are shown. The
baseline problem of DLAS is well represented in the output signal of Fig.
1-10 (a) being possible to see the DC level that must be compensated for the
estimation of concentration. WMS (Fig. 1-10 (b)) solve this problem by
modulating the wavelength of the laser and detecting at the second
harmonic of the modulation frequency; therefore, the 2f-WMS output signal
has the shape of the derivative of the absorption line and presents no
baseline.

Fig. 1-10. Comparison between the conventional setups of DLAS and WMS. The output
signals of (a) DLAS and (b) 2f-WMS are also shown. Figure has been extracted from
Ref. [19].

On a very similar modulation oriented concept to that of WMS,
Frequency Modulation Spectroscopy (FMS) [20–23] also allows to measure
the transmission spectrum of an optical medium. FMS utilizes a high speed
phase modulator to generate an optical signal in which the wavelength
modulation deviation is greater than the linewidth of the spectral features.
Ideally, only phase modulation is performed, so a photodiode located after
the gas sample will measure a constant level of optical power that is
independent of the emission wavelength. This is strictly true unless the
wavelength of the laser is tuned within the vicinity of an absorption
molecular (or atomic) transition. In this situation, the optical signal is
distorted by the spectral line generating an output signal that makes possible
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to recover the absorption spectrum of a gaseous sample. Besides this, the
phase of the detection system can be adjusted to obtain the quadrature
component of the beat note that is directly related to the dispersive
distortion suffered by the optical signal (for more details refer to [20]).
Therefore, FMS allows for measuring not only the absorption, but also the
dispersion spectrum of the sample. In the same way, the baseline problem is
solved and, given the high frequency of the generated beat note, the signal
to noise ratio is improved with respect to previous methods. Nevertheless,
the normalization issue is still present. FMS signals are dependent on the
total amount of power impinging on the receiver and, hence, are difficult to
manage in open path gas monitoring sensors.
Two-Tone Frequency Modulation Spectroscopy (TT-FMS), that was
presented in 1985 by Cooper and Gallagher [24], is a derivation of FMS that
allows the use of low bandwidth detectors. The laser beam is modulated by
two high frequency signals that are only separated by an offset of a few
MHz at maximum before it travels through the gas sample. As the light
impinges on a photodiode, a beatnote with a frequency equal to the
frequency offset between the modulation signals is generated having
equivalent information to that of the pure FMS output signal. Even though
the normalization problem affects TT-FMS in the same way that it did with
FMS, the second modulation opens the possibility to employ low-bandwidth
large area photodetectors improving the sensitivity of the sensor. This
features have been exploited in different works [25–27]. As disadvantages, it
is possible to mention the considerable increase in the complexity of the
sensor and the loss of the ability to detect dispersion.
With the modulation techniques previously presented (WMS, FMS and
TT-FMS) the baseline problem is automatically solved improving at the
same time the sensitivity of the detection setups. Nevertheless, the
normalization problem is still present and, in order to overcome it, two
distinctive research lines have been followed. The first is focused on
adapting absorption based schemes to be amplitude independent, and the
second one proposes dispersion based methods.
It could be said that the first research line (intensity independent
absorption spectroscopy) was started by Cassidy and Reid in 1982 [28]
when they proposed the normalization of the higher harmonics of the WMS
signal by the amplitude of the first harmonic (1f normalized WMS). This
results in a power-normalized WMS signal that is immune to DC power
fluctuations. Their work was later followed by Uehara and Tai [29] and
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Iseki, Tai and Kimura [30], and more refinements and developments of this
idea have also been published. The recent works of Rieker et al. [31], Bain
et al. [32] and Sun et al. [33] stand out among them.
Unfortunately, there is not such a thing as a 1f normalized WMS
version neither for DLAS, nor for FMS. This assertion looks obvious in the
case of DLAS but not for FMS given that the differences with respect to
WMS are very small. It has to be noted, however, that the detection schemes
of the two techniques are quite different. Whereas in WMS different
harmonics of the modulation signal can be easily monitored at the same
time, in FMS the reception is far more complex. The signal of interest is, in
fact, the first harmonic, and even though it is possible to obtain equivalent
information from the second harmonic, it has not been probed yet that a
relationship between the two tones can be used for getting normalization
free operation. On top of that, the complexity of the design of the sensor
will probably increase far beyond the point that is reasonable for the gain in
performance that would be obtained.
Dispersion-based TDLS methods have not received traditionally as
much attention as absorption techniques. Nevertheless, its importance has
remerged as a mean for overcoming the limiting normalization problem of
absorption-based approaches. Besides this, the linear relationship between
concentration and dispersion leads to an improvement of the dynamic range
of the instrument.
As a difference with optical intensity, it is not possible to measure
directly the optical phase of an optical signal travelling through the sample,
and some type of interferometric or heterodyning approach is needed to
perform this measurement. Even though not as a proper spectroscopic
techniques, several publications [34–38] have been presented in which
classical interferometric approaches have been employed to measure
dispersion in the vicinity of molecular spectral lines. Also, as it was
previously said, FMS not only can recover the absorption profile of a
medium, but it is also able of recovering the refractive index as a function of
the frequency. By controlling the phase of the signal captured by the
photodiode before the downmixing (consult Ref. [20] for further
information) the in-phase and quadrature components of the beat signal can
be selected to yield the absorption and dispersion spectra respectively.
Nevertheless, these output signals are affected by variations in the power
transmitted through the gas. The sensitivity of FMS can be improved by
several orders of magnitude using cavity-enhancement techniques: Noise19

Inmune Cavity-Enhanced Optical Heterodyne Molecular Spectroscopy
(NICE-OHMS) was proposed by Ye et al. [39] and it basically consists on a
combination of a FMS system and an optical cavity. However, not only the
laser must be locked to a cavity mode, but also the modulation frequency
must be controlled with high precision to match the free spectral range of
the cavity. Different implementations have been presented [40–42] and a
good analysis of NICE-OHMS can be found in Ref. [43]. Nevertheless, this
kind of systems is not really devised to be taken out of the laboratory and its
utility in the field sensors area is very limited.
It has not been until very recently when Chirped Laser Dispersion
Spectroscopy (CLaDS) [44] was proposed as a technique for dispersion
spectroscopic measurements capable of overcoming problems like the
normalization or the limited dynamic range of absorption-based
instruments. This technique, as well as the novel approach for molecular
dispersion spectroscopy that was presented in paper [A], are thoroughly
reviewed in the chapter 2 of this dissertation.

1.3.2 Wide-band spectroscopic methods
TDLS narrow-band methods take advantage of the nearmonochromatic spectrum of lasers for the extraction of the spectral
information. The signal detected at a given moment is directly related to the
emission wavelength of the laser at that particular moment. Thus, the
measurement carried out by the detection subsystem during the complete
sweep range of the laser yields the absorption or the dispersion profile of
the sample as a function of the wavelength. Instead, when continuous
broadband emitters are used as sources, the whole spectrum of frequencies
reaches the photodetector all the time. Therefore, it is not possible to
directly differentiate the contributions at different wavelengths and a
spectral interrogation method must be used for spectral component
separation (as a reference the optical spectrum of a broadband TungstenHalogen lamp is shown in Fig. 1-11).
The simplest wide-band spectroscopic approaches for continuous
illumination sources are based on spectrometers that separate the frequency
components of the optical signal allowing the wavelength dependent
characterization of the spectrum transmitted (or reflected) through the
sample. The various technologies for the implementation of spectrometers,
from the refractive prism to diffraction grating or monochromators, offer
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different spectral resolutions, detection ranges and flexibilities of
configuration. Nonetheless, the wide-band gold standard, is Fourier
Transform Infrared (FT-IR) spectroscopy [45].

Fig. 1-11. Optical spectrum of a Tungsten-Halogen lamp.

In FT-IR spectrometry the spectral interrogation is performed taking
advantage of a Michelson interferometer (even though other architectures
are also in use). The simplest FT-IR spectrometer architecture is shown in
Fig. 1-12 in which the light from a continuous optical source is divided in
two paths and recombined before travelling through the sample and being
detected. The particularity of the system is that one of the mirrors of the
interferometer is movable being possible to adjust the difference in the
lengths of the two optical paths. Therefore, considering monochromatic
illumination, when the position of the mirror is that that make the optical
path difference to be equal to a multiple of the wavelength of the optical
signal, constructive interference occurs and the combined signal reaches its
maximum. In the same way, when the difference between optical paths
(known as retardation) is equal to a multiple plus half wavelength there is
destructive interference and the signal goes to its minimum value. When the
mirror is moved at a uniform speed, the interference between the two
optical paths generates a sinusoidal modulation of the optical intensity that
is known as the interferogram. Then, the frequency of the variation of the
optical intensity depends on the wavelength of the optical signal and the
speed at which the mirror is moved. It is possible to extrapolate now this
behavior to an signal with multiple optical frequency components. The
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result would be an interferogram in which the optical intensity of each
component is sinusoidally modulated at a frequency directly dependent on
their wavelength.

Fig. 1-12. Basic architecture of a FT-IR spectrometer. OS, Optical source; BS, Beam
splitter; MM, Movable mirror; FM, Fixed mirror; S, Sample; PD, Photodiode.

Fig. 1-13. Examples of FT-IR (a) interferograms and the (b) correspondent spectra [46].
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As it was previously said, the output of the architecture of Fig. 1-12 is
an interferogram in which the amplitude of each spectral component of the
illumination spectrum is modulated at a certain frequency. To obtain finally
the optical spectrum, FT-IR spectroscopy requires (and that is the reason
for its name) a Fourier transformation of the interferogram to be
performed. Therefore, the interferogram has to be digitized by an
acquisition system and a Fourier transformation yields the optical intensity
as a function of the frequency of the signal measured by the photodetector.
Four examples of interferograms and their correspondent intensity spectra
are shown in Fig. 1-13 [46].
Using the basic scheme of FT-IR spectroscopy of Fig. 1-12 is not
possible to measure the optical dispersion induced by the sample. The
reason for that is that the two optical beams of the interferometer are
combined before travelling through the sample and thus both waves
experience the same dispersion (same phase shift) producing no overall
effect on the phase of the interferogram. A modified architecture for
dispersive FT-IR spectroscopy is presented in Fig. 1-14, in which the
position of the sample has been shifted to one of the branches of the
interferometer (any of the two branches can be selected with similar results).
In this way, the profile of the refractive index of the sample introduces a
phase shift in one of the optical beams that is reflected on the final
interferogram and can be detected.

Fig. 1-14. Architecture of a dispersive FT-IR spectrometer. OS, Optical source; BS,
Beam splitter; MM, Movable mirror; FM, Fixed mirror; S, Sample; PD, Photodiode.

Even though the basic FT-IR spectroscopy scheme is quite simple,
many considerations must be taken into account for the implementation of
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these instruments. Firstly, the resolution of a FT-IR system is given by the
maximum retardation; this implies that the resolution of the spectrometer is
limited by the maximum range of movement of the mirror. Secondly, the
spectral coverage of the system is, not only determined by the optical
source, but also by the sampling frequency of the interferogram. Coarsely
speaking, the sampling must be performed at retardation intervals equal, at
least, to the inverse of two times the maximum frequency reaching the
detector. The position of the movable mirror must then be precisely
monitored to ensure equal sampling intervals and high frequency accuracy.
It is, therefore, the precision with which the movable mirror is controlled
what mainly marks the performance of the whole system. Thus, the major
constrain of a FT-IR spectrometer is the fact that its performance is related
to a large extent to a mechanically driven component of the system.
The pulsed nature of OFCs (that were briefly introduced in the first
section of the chapter) allows to overcome these restrictions and makes
possible the implementation of wide-band spectrometers without movable
parts. OFC-based spectrometers are thoroughly reviewed in chapter 3,
where also new architectures and detection schemes are proposed.

1.4 SPECTRAL ANALYSIS METHODS
In the diagram of a spectroscopic system of Fig. 1-1 the different
blocks that make up a complete instrument were presented. This scheme
can now be reviewed in more detail using for illustration the FT-IR
spectroscopic technique presented in the previous section. In that way, a
broadband light source would be employed in an architecture in which a
Michelson interferometer and a photodetector constitute the detection
block. The output of the spectroscopic technique is an interferogram that
has to be acquired and digitally processed. In FT-IR spectroscopy this
processing is mainly a Fourier transformation of the digitized interferogram
that yields the measured optical spectrum. Nonetheless, further processing
associated to the compensation of the spectral shape of the optical source is
also needed. Generally, a measurement is performed without any sample to
obtain a baseline level and, subsequently, a second measurement is carried
out now with the sample in place. The ratio between the actual
measurement and the baseline yields the absorption or dispersion profile of
the sample. This absorption (or dispersion) profile has to be further
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processed for information extraction by spectral analysis methods in order
to obtain the target results of the instrument (this process is known as
calibration). These target results are usually the concentrations of certain
analytes but, as it said previously, it can also be the temperature, the speed at
which molecules are moving or any other parameter of the medium. The
spectral analysis method is therefore very dependent not only on the
available spectral information but also on the targeted results.
One of the simplest scenarios for spectral analysis is that of singlespecies gas detection and monitoring in which the concentration of gas can
be directly extracted from the measurement of the optical spectrum in the
vicinity of one of the transition lines of the target molecule. Both absorption
and dispersion are directly related to the concentration of gas allowing an
easy monitoring of the composition of the sample. In the opposite case, the
calibration process is far more complex in an instrument that is devised for
multi-species detection. The problem might not be that complicated in
multi-species gas detectors given that at low pressure transition lines of
different molecules can be independently measured without any overlapping
between them. Nevertheless, in the multi-species analysis of liquids and
solids the measured spectrum is the result of the contributions of all the
components of the sample. As presented in the first section of the chapter,
the most common example of highly complex multi-species optical media
are biological tissues, in which the spectral contributions of a huge number
of tissue components overlap. It is then not possible to directly separate the
spectra of the target analytes for the estimation of concentration. Various
information extraction methods have been proposed to address this
problem, nevertheless, the option that became standard procedure in some
fields of spectroscopy and is becoming increasingly important in others is
the use of spectral classification algorithms [47–49].
Multivariate data classification algorithms provide a distinctive
approach to the problem of spectral analysis for the extraction of
information. The focus of these methods is the differentiation and
quantification of the contributions of the different analytes that are present
in the medium. In its application to spectroscopy, multivariate algorithms
are able to recover and separate the individual spectra of several
contributors from measurements of their mixes. There are, nonetheless, so
many classification algorithms available that it is not always easy to find the
right method for a certain application. One of the most robust and extended
techniques is Partial Least Square (PLS) that has presented good results in
complex biomedical problems [50–52]. Two other methods, Principal
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Component Analysis (PCA) and Independent Component Analysis (ICA)
are presented in chapter 4 and employed to assess different states of blood
concentration in a bioengineered skin substitute.

1.5 SPECTROSCOPIC SYSTEM INTEGRATION
The integration of each of the sub blocks into a self-contained device
capable of autonomously carrying out measurements and presenting the
results to an end user is the last of the steps in the development of a
spectroscopic system. As it was said previously, in most laboratory
demonstrations and during the first stages of development of an instrument,
most of the tasks related to the operation of the spectroscopic
characterization setup, data acquisition, data pre-processing and spectral
analysis are very often performed manually. In a final system, even though
the complexity of the system varies strongly from instrument to instrument,
these procedures have to be performed automatically. A generic block
diagram of the electronics for signal processing and instrument control of an
optical spectroscopic device is shown in Fig. 1-15.

Fig. 1-15. Block diagram of the electronics for signal processing and instrument control
of an optical spectroscopic system. ADC, Analog to digital converter; DAC, Digital to
analog converter; MCU, Microcontroller; FPGA, Field programmable gate array; UART,
Universal asynchronous receiver-transmitter; CPU, Central processing unit; PC,
Computer.

The main component of the electronic system is the microcontroller.
Microcontrollers are designed for embedded applications and contain,
therefore, not only a processor but also memory and peripherals. A
microcontroller can be programed to perform (with or without help from
extra components) data processing and instrument control enabling
automatic system operation. Whereas some systems have a dedicated control
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panel with a data display screen and switches or push buttons for control,
others are provided with a communication interface that allows the user to
manage the instrument using a computer, nonetheless, most high-end
systems have both possibilities. The second approach allows to use the
computer (that is commonly much more powerful that the processor of the
microcontroller) for signal processing, reducing the requirements of the
electronics of the sensor.
The design of the processors (included in the microcontrollers) is not
always well suited to perform tasks like high speed data processing or multichannel parallel processing, and in these situations additional hardware must
be employed. Several options are available, from the use of Digital Signal
Processors (DSP) to custom microcontrollers designed to perform certain
tasks with maximum performance that are of general use in large-scale
macro-production devices. Nevertheless, in the usual small-scale of
fabrication of spectroscopic instruments, Field Programmable Gate Arrays
(FPGA) are equally powerful and much most cost-effective. FPGAs are
devices that can be programed to perform hardware (instead of software)
data processing, resulting in a significantly faster operation in certain tasks
due to their parallel working nature. These parallel processing capabilities are
also very useful in multichannel synchronous data processing.
Independently of the processing unit, the interface between the
controller and the instrument itself is (almost in any case) made by analog to
digital and digital to analog converters, ADC and DAC respectively. As
shown in the upper left part of Fig. 1-15, the optical signal captured by the
photodetector must be first electronically conditioned (common circuits are
transimpedance amplifiers and programmable gain amplifiers) before being
digitized by an ADC. The digital signal can now be processed by the
controller to obtain, for example, the Fourier transformation and perform
the spectral analysis. In the same way, the control of the optical sources or
the actuators of the instrument (movable mirrors, optical switches…) is
performed in the other direction. An analog signal generated by a DAC is
conditioned and used a specific component of the system.
Besides the hardware design, the development of the control software
is equally important. Different routines must be written to address each of
the tasks that must be performed by the system. Usually low level software
functions are in charge of the communication with the different
components of the system (this communication is performed through
writing and reading from registers), whereas high level functions manage the
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functionality of the whole system, from data reading, to the presentation of
results. The design of these functions and routines is also very dependent on
the overall architecture of the instrument and differ between computer
based sensors and self-contained analyzers.
An example of system integration in which a spectroscopic instrument
has been developed to perform a viability study is presented in chapter 4. In
this system, an amplitude modulated multiple laser illumination source and a
multi-channel phase-sensitive detection architecture have been implemented
for the measurement of the reflectance of biological samples. The detection
scheme, a microprocessor and some additional electronics have been
embedded into a FPGA that allows the whole system to be controlled by a
user interface running into a computer.

1.6 OBJECTIVES AND ORGANIZATION OF THE
DISSERTATION
This doctoral dissertation is focused on the development of the
different aspects of spectroscopic systems for the implementation of reliable
and fast optical instruments. The main line of work has been the
development of new methods and architectures based on devices and
techniques used in RF and optical communications for narrow and wideband dispersion spectroscopy that provide a more robust operation than
that of absorption spectroscopic methods. In this way, devices like lasers,
photodiodes, optical combiners or high speed optical intensity modulators
from optical communications have been used in conjunction with
techniques like synchronous phase-sensitive detection or optical
heterodyning. Further work has also been done in the area of spectral
analysis and system integration with the design, development and the
validation of the performance of a diffuse reflectance spectroscopy
instrument based on data classification methods for biomedical applications.
In chapter 2, the contributions to narrow-band dispersion
spectroscopic techniques are reviewed. A novel heterodyne phase-sensitive
detection method for molecular dispersion spectroscopy based on tunable
lasers is presented and experimentally validated. This technique is based on
the measurement of the phase shift induced on a three tone optical signal by
the variations of the refractive index of the sample. The method is baseline
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free, immune to fluctuations of the received optical power, and offers an
output linearly dependent of the gas concentration. Moreover, an analytical
model has been developed enabling calibration-free operation. Several of the
ideas that emerged from the works carried out towards the development of
the heterodyne phase-sensitive detection method were of direct application
to the CLaDS dispersion spectroscopic technique. Therefore a new CLaDS
architecture is also proposed and presented in chapter 2. The setup
simplifies previous implementations and can be considered as a step forward
in reducing the complexity of current sensors bringing these analyzers a step
closer to be self-contained and field-deployable.
The spectral range and the speed at which the previous methods can
operate are limited by the capabilities of the tunable lasers used to sweep the
spectral range of interest. In chapter 3 a new multiheterodyne molecular
dispersion spectroscopy method based on a dual-comb optical source
generated by the modulation of a single continuous wave laser that can
simultaneously measure dispersion at multiple points is presented. The aim
of this work is to make possible to take advantage of the potential of optical
frequency combs out of the laboratory. The multi-channel parallel lock-in
detection scheme proposed measures the phase shift induced in each of the
teeth of the measurement comb enabling high speed operation. This is in
contrast with the semi-static characterization operation performed by
traditional OFC-based instruments. The method features a combination of
simple implementation and ease of configuration in which most of the
complexity of classical OFC approaches has been shifted from the optical to
the electronic domain. The range of application of the multiheterodyne
dispersion method here introduced goes far beyond molecular dispersion
spectroscopy, therefore, also in chapter 3, a robust dual-comb absorption
spectrometer architecture based on the previous design is presented and
validated both for spectroscopic measurements and the characterization of
optical components. The strong points of the setup are its simplicity (in
comparison with traditional dual-comb implementations), low-cost, easy
operation and configuration, high stability and high output data rate.
Apart from the new techniques and architectures and completing the
scheme of a spectroscopic instrument of Fig. 1-1, different spectral analysis
and system integration tasks were carried out for the development and
validation of a reflectance spectroscopic sensor for monitoring the evolution
of bioengineered skin substitutes in the first days after engraftment. The
stand-off instrument, that was based on data classification methods (PCA
and ICA), has been able to non-invasively differentiate between the
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evolutions of grafts with different states of angiogenesis. This work is
presented in chapter 4 and proves that the spectral analysis method and the
integration of the instrument are as important as the spectroscopic
technique for the overall performance of the instrument.
Chapter 5 gathers the main conclusions that can be extracted from this
dissertation.
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2. NEW DETECTION
METHODS AND
ARCHITECTURES FOR
DISPERSION
SPECTROSCOPY
BASED ON TUNABLE
LASERS
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As it was presented in the introduction chapter, an important number
of narrow-band optical spectroscopic techniques have been proposed during
the last decades for the detection, estimation of concentration and
monitoring of atoms and molecules in gaseous phase. Given the particular
characteristics of this problem, most of these methods are based on tunable
laser sources. In general terms, an optical spectroscopic system can be
focused on two completely different, however closely related, approaches:
absorption and dispersion spectroscopy. As previously introduced and as
will be detailed throughout this chapter, the particular features of dispersion
spectroscopy make this solution particularly well suited for its application in
the design of open path gas analyzers [53].
Open path optical gas sensors, in contrast to closed path sensors, do
not require sampling the gas and taking it to the interior of the sensor itself,
but the analysis is somehow performed in the mass of gas surrounding the
system. Hence, these schemes are particularly prone to suffer problems
related to particles in suspension (partially blocking the optical path or
depositing on optical elements of the sensor) and power fluctuations
induced by atmospheric turbulences or pointing instabilities [54]. Therefore,
for gas analyzers devised to have an open measurement path, the number of
advantages of using spectroscopic methods that are not directly dependent
of the total amount of power transmitted through the gas is noteworthy.
This independence from power fluctuations is one of the main
characteristics of dispersion spectroscopy and this is what positions it well in
front of other alternatives in terms of suitability for the application.
Currently, the number of available dispersion spectroscopy techniques
focused on gas detection and analysis is very reduced and, on top that, most
of them are affected by important limitations regarding its field
deployability. In this chapter, a new method based on heterodyne phasesensitive detection for dispersion molecular spectroscopy is introduced. The
technique, that bases its operation on RF techniques and optical
communications components, presents several advantages over existing
approaches. These advantages, that will be presented and justified in this
chapter, are mainly in the line of providing simplicity of implementation and
operation while keeping high performance standards. In the same way, some
of the ideas developed for the heterodyne phase-sensitive detection method
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have been applied to a CLaDS dispersion spectroscopy architecture greatly
reducing the complexity of current implementations.
This second chapter of the dissertation provides the background
necessary to place the contributions presented in papers [A] and [B]. Also,
some additional information regarding the functioning and implementation
of these proposed techniques is presented. Therefore, the next section
contains a brief introduction to molecular spectroscopy in which the
different types of gas analyzers are introduced, current dispersion based
methods are presented, and the framework of the contributions is
established. In the second section, the heterodyne phase-sensitive technique
for molecular dispersion spectroscopy, presented in paper [A], is described.
Next, the third section gathers the application of several of the ideas from
the previous work to the design of instruments based on CLaDS (paper [B]).
Finally, chapter 2 concludes with a short analysis of results and conclusions.

2.1 LASER MOLECULAR SPECTROSCOPY FOR
OPEN PATH GAS SENSORS
The term ―molecular spectroscopy‖ is in general applied to identify a
group of spectroscopic techniques that are oriented to the study of atoms
and molecules in gaseous state. As it was said in the introduction, the main
feature of gas spectroscopy is the existence of very narrow lines of
absorption (and hence, of dispersion) that are characteristic of the different
gases. The position in the spectrum of the absorption lines can be
determined by solving the Schrödinger equation of the molecule and its
shape and width depend on the temperature and the pressure of the gas. As
an example, the absorption coefficient of methane (measured in cm-1) for
wavelengths between 1625 nm and 1675 nm is shown in Fig. 2-1. The
particular positions of the absorption features allow the identification of the
molecule, and special care must be taken when designing a gas sensor to
avoid any interference from absorption lines of other gases. Generally
speaking, the strength of the line allows to extract the concentration of the
gas in the sample, and the lineshape yields information mainly about the
pressure.
Both open and closed path gas measurement systems are equally
capable of analyzing the composition of a gaseous medium targeting
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different molecules or atoms. Even though, independently from the
spectroscopic techniques employed, their operating principles are exactly the
same, the architecture of the two types of sensors is very different. In a
closed path sensor the analysis of the gas is performed within an optical
cavity located into the sensor itself. In this situation, the laser beam travels
inside this optical cell and therefore gas must be pumped into the cavity
prior to carrying out the analysis. As opposed to this, in open path systems,
the measurement is performed outside the sensor system, not using any gas
cell or closed cavity, but free space (a more extent review of open and closed
path sensors can be found in Appendix I).

Fig. 2-1. Absorption coefficient of methane in the vicinity of 1650 nm [5].

Each of the two sensor architectures has its own benefits and
drawbacks. To begin with, the disadvantages of the closed path systems are
mainly related to the need of pumping the gas sample into the optical cavity,
not only because of the power consumption of the pump (an important
problem in remote locations without direct access to power lines), but
because of the problems associated with the tubing. The main issues are the
delay introduced by the tubing system and the (usual) need of correcting
factors to account for, for example, pressure and temperature variations due
to the pumping process. The measurement is also affected, more
importantly, by tubing sorption, a mechanism whereby certain molecules
become attached to the tubes themselves, filters, or any other ducting
component. This is potentially quite an important issue for CO2 and H2O
sensors. By contrast, closed path sensors are very robust to atmospheric
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phenomena like fog and rain and are particularly well suited to dusty
conditions, where filters play an important role [55].
Meanwhile, open path sensors suffer from problems associated to any
interference with its optical path. First, it can be quite complex to maintain a
good optical alignment and a good cleanliness of the optical elements
exposed to the environment. Besides this, given that the optical setup is
completely exposed to the weather, even light rain or snow can prevent the
system to work properly by the continuous obstruction of the light path.
Problems also emerge in dusty environments, not only because of the
deposition of particles in the optical elements of the sensor, but also because
of the possibility of fast partial blockings of the optical path. Hence, even
though the issues presented by closed path sensors related to tubing are
automatically solved by open path sensors, their weakest point is the
sensitivity of current spectroscopic methods to fluctuations in the optical
power reaching the receiver.
Dispersion characterization techniques can be used to overcome these
limitations given that the measurement of the optical phase shifts associated
to variations of the index of refraction can be performed independently of
the optical intensity transmitted through the medium [53]. The measurement
of dispersion has not only been used for gas monitoring and analysis [44,56],
but also to assess different biological parameters [57,58]. An example of this
second application field can be found in Appendix II, in which the
architecture of an instrument for the estimation of the glucose concentration
in water solutions based on the measurement of dispersion in the W-band
(75 – 110 GHz) is presented. The results obtained indicate that the detected
phase shifts are linearly related to the concentrations of glucose.
Although different approaches have been proposed, the dispersion
profile is always obtained from the measurement of optical phase shifts
induced by the changes in the refractive index of the sample. As it was
previously said, the features of this measurement method overcome most of
the issues presented by the absorption based methods previously presented.
For instance, the measure of phase is not affected by the baseline problem
and, in the same way, variations in the total amount of power reaching the
photodetector do not induce output signal changes (normalization problem).
Furthermore, as opposed to the exponential relation between the gas
concentration and the optical power absorbed, there is a linear dependency
between concentration of analytes and refractive index change (as presented
in chapter 1). This enables dispersion based methods to have a huge
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dynamic range in comparison with absorption techniques as it was
experimentally demonstrated by Franz et al. [59].
Chirped Laser Dispersion Spectroscopy (CLaDS) [44] (Wysocki and
Weidmann) was recently proposed as a technique suitable for field
dispersion spectroscopic measurements in open path sensors. It was
presented as a robust method capable of taking advantage of molecular
dispersion for trace gas sensing, directly overcoming problems like the
normalization, or the limited dynamic range. It is based on a frequencychirped laser and takes advantage of the frequency shifts induced in a beat
note due to variations in the index of refraction of the gas. These beat note
frequency shifts are demodulated to recover the dispersion profile of the
sample. The architecture of the instruments that were presented in the first
publications [44,54] was based on a quantum cascade laser that was chirped
in frequency at a reasonably high speed. The output of the laser is connected
to a free space acousto-optic modulator before subsequently recombining
the 0th and 1st orders diffracted by this modulator. Therefore, a two tone
optical signal with a spacing equal to the driving frequency of the modulator
is generated. When this signal is chirped over an absorption feature of a
gaseous sample, optical dispersion induces a frequency shift between the
optical tones. Hence, when a square law detector captures the power
transmitted through the gas, the frequency of the generated beat note will be
shifted depending on the sample dispersion characteristics. After performing
frequency demodulation (using a high-end spectrum analyzer in all the
implementations published so far), molecular dispersion can therefore be
inferred from the frequency variations of the beat note.
An alternative detection scheme was also presented [54] to address
what the authors considered the main limitations of the CLaDS method: the
effect of noise in the demodulation process [60], and the issues associated
to the different lengths traveled by the optical tones. Subsequent
developments of the design enabled the measurement of nitrous oxide in an
open-path configuration [53] and also of methane [61], with a revised
architecture in which the acousto-optic modulator was replaced by an
electro-optic amplitude modulator [62]. Nevertheless, the complexity of the
architecture of the instrument is considerably high, and nothing similar to a
stand-alone sensor prototype has been achieved yet.
The contributions of the dissertation discussed in this chapter are
primarily focused on the development of dispersion techniques
characterized by its immunity to absolute power fluctuations that can
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directly overcome the most important current open path analyzer
limitations. A novel calibration-free dispersion spectroscopy method named
Heterodyne Phase-Sensitive Detection Spectroscopy (HPSDS) that
improves some of the characteristics of CLaDS is presented in the next
section. Besides this, in section 2.3, an optical heterodyning scheme for
CLaDS that highly simplifies previous implementations is also introduced.
Finally, the main conclusions drawn from the chapter are discussed.

2.2 HETERODYNE PHASE-SENSITIVE
DETECTION FOR MOLECULAR DISPERSION
SPECTROSCOPY (PAPER [A])
This section presents the work undertaken in this thesis towards the
design and development of HPSDS, a new optical dispersion spectroscopic
technique based on the idea of simplifying existing methods. The reasoning
behind this concept makes possible the field deployability of reasonably
simple molecular dispersion spectroscopy open path gas analyzers. This
contribution is described by paper [A]; the reader is referred to this
publication (section 6.1) for a full description of the method.

2.2.1 Description of the technique
The architecture presented in this section is based on a laser that is
intensity modulated at high frequency generating a three tone optical signal.
The profile of the refractive index in the vicinity of the absorption line
induces different propagation velocities for each of the three optical tones
when this signal is swept across a molecular spectral line. This results in
optical phase differences between the tones that are measured to estimate
the dispersion profile. It is then possible to do an assessment of, between
other characteristics of the sample, the concentration of analytes from the
dispersive optical measurement. Since the only parameter of interest for the
proposed spectroscopic method is the phase of the optical signals, the
technique is robust to fluctuations of the optical power. Therefore the
method is inherently baseline-free and does not require normalization.
Furthermore, the linear relationship between the concentration of the gas
and the change in the index of refraction (in opposition to the exponential
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relationship with absorption) provides an extended dynamic range in
comparison with absorption based sensors. The existence nowadays of
spectral databases like HITRAN [5] make possible the calibration-free
operation of sensors taking advantage of propagation models. Hence, an
analytical model for determining the effect of the spectral feature on the
phase of the optical signals has also been developed (section 2.1 of paper
[A]).
As presented on paper [A], the phase of the beatnote that is generated
when the three tone HPSDS spectral interrogation signal impinges on a
photodiode is a function of the profile of the index of refraction
of
the sample and the modulation frequency :
(

)

(2-1)

where is the optical frequency, the length of the gas sample and the
speed of light. It is therefore possible to recover the index of refraction
from the measurement of phase during the sweep of the spectral feature by
the tunable laser. For optimum performance, the modulation frequency and
the frequency of the beatnote is in the GHz range when targeting ambient
pressure gases. A frequency downshift is thus necessary to obtain the
measurement of phase without compromising the complexity and cost of
the system. The electronic heterodyne frequency down-conversion scheme
that is shown in Fig. 2-2 was then proposed.

Fig. 2-2. Basic block diagram of a heterodyne phase-sensitive molecular dispersion
spectroscopy sensor based on electrical frequency downmixing. LD, Laser diode; SG1,
Signal generator at frequency Ω1; EOIM, Electro-optical intensity modulator; GS, Gas
sample; PD, Photodiode; AMP, Radio frequency amplifier; SG2, Signal generator at
frequency Ω2; MIX, Radio frequency mixer; LI AMP, Lock-in amplifier. (Fig. 5 of paper
[A])
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A second architecture based on optical heterodyne frequency
conversion (Fig. 2-3) was also proposed for an improved performance and
flexibility of operation. Six extra optical tones (see Fig. 2-4) are generated as
a result of the second modulation that provides a low frequency beatnote on
the photodetector that can be detected by the lock-in amplifier.

Fig. 2-3. Basic block diagram of a heterodyne phase-sensitive molecular dispersion
spectroscopy sensor based on optical frequency downmixing. LD, Laser diode; SG1,
Signal generator at frequency Ω1; EOIM, Electro-optical intensity modulator; GS, Gas
sample; SG2, Signal generator at frequency Ω2; PD, Photodiode; LI AMP, Lock-in
amplifier. (Fig. 6 of paper [A])

Fig. 2-4. Optical spectrum of the nine tone signal generated by the second electro-optical
intensity modulator. (Fig. 7 of paper [A])

2.2.2 Adjustment of the modulation frequency
Some details that were not included in the paper regarding the effects
of the modulation frequency of the HPSDS system on the output signal are
given in this section.
As repeated throughout paper [A], there is an optimum modulation
frequency of the tunable laser (that controls the spacing between the three
tones of the spectral interrogation signal) for the measurement of a spectral
feature of a certain linewidth. As a complement to the results presented on
the paper, the HPSDS output for the optical downconversion scheme for
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modulation frequencies between 2 and 12 GHz in the characterization of
the same spectral feature are shown in Fig. 2-5. It is possible to see that the
peak to peak phase difference is increased up to its maximum value at 8
GHz and starts decreasing afterwards. A modulation frequency swept like
the one shown in Fig. 2-5 but with a finer resolution was used for the
estimation of the optimum operation point in the experimental validation
performed in paper [A]. Another aspect that must be noted is that the
separation between the two maximums of the signal is directly related to the
linewidth of the spectral feature and the modulation frequency, therefore it
is possible to perform a rapid estimation of the FWHM of the spectral line.
This assessment can be then used for readjusting the modulation frequency
for optimum detection performance.

Fig. 2-5. Measurements of the 1650.96 nm transition of methane for various modulation
frequencies.

2.2.3 Model for calibration-free operation
Further details, not included in paper [A], about the calibration-free
model and the influence of pressure in the measurements are described
below. With regard to the model for obtaining the output phase of the
HPSDS technique, spectroscopic information from HITRAN was used in
the calculations. Following the description of the data compilation found on
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the 2012 HITRAN report [5] it is possible to calculate the absorption
coefficient of the molecular gas sample. The profile of the index of
refraction is obtained from the absorption coefficient using the KramersKronig equations (chapter 1). Then, the output signal is calculated by using
Eq. (2-1).
In the experimental validation carried out in paper [A] methane was
used as the target gas, performing measurements in the vicinity of 1651 nm,
where several ro-vibrational lines are present. In the calculations for the
calibration-free model from spectroscopic data, it must be noted that the
spectral line of methane targeted in the paper (that is shown in Fig. 2-6 (a))
is the actual result of the overlapping of the four molecular transitions
shown in Fig. 2-6 (b).

Fig. 2-6. (a) Absorption coefficient of methane in the vicinity of 1650.96 nm at 1 atm.
This spectral feature is the result of the overlapping of the four lines shown in (b) [5].
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The high proximity between the center frequencies of the four features
ensures minimal variation in the dispersion profile and the output signal
(with respect to a single absorption line) for pressures close to atmospheric
pressure. Nevertheless, at very low pressure it is necessary to account for the
effect of the narrowing of the absorption lines. To illustrate this, the profile
of the index of refraction at low pressures is shown in Fig. 2-7 (a) and a
simulation of the phase of the optical downconversion setup for this
refractive index in Fig. 2-7 (b). The independent contributions of the four
lines are now evident and in clear contrast to the signal measured by the
HPSDS instrument at high pressure (Fig. 2-9).

Fig. 2-7. (a) Profile of the index of refraction of methane around 1650.96 nm at 0.1 atm.
(b) Simulation of the phase shift induced in the HPSDS signal with the optical
downconversion scheme for a gas concentration of 7.5 %. As previously said, the profiles
are calculated from the absorption coefficient using the Kramers-Kronig equations.

As presented in the previous paragraphs, and as happens in any other
molecular spectroscopic technique, the pressure of the gas sample has an
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important effect on the output phase. This does not affect the calibrationfree performance of the system given that this influence can be accurately
modeled from spectral data from HITRAN or any other spectral data base.

2.2.4 Experimental validation
The performance of the two HPSDS implementations of Fig. 2-2 and
Fig. 2-3 was validated using the setups described in paper [A]. The results
are shown in Fig. 2-8 and Fig. 2-9 for the electronic and optical
downconversion schemes respectively. In the same way, the calculations for
optimum modulation frequency and the immunity of the method to optical
intensity fluctuations were proved.

Fig. 2-8. Phase shift induced in the optical signal by the ro-vibrational transition of
methane at 1650.96 nm recovered using the electrical frequency downshifting approach.
(Fig. 8 of paper [A])

As previously stated, two heterodyning approaches have been
proposed, one based on a conventional electrical downmixing scheme and a
second based on optical frequency conversion. Both alternatives have been
validated using the ro-vibrational line of methane at 1650.95 nm obtaining
detection limits of 60 and 12 ppm*m/Hz1/2 respectively. The electrical setup
is slightly more complex to implement than the optical version: high-speed
photodetectors and RF mixers and amplifiers are necessary, whereas only an
extra intensity modulator and a slow photodiode are required for the optical
scheme. Besides this, the immunity to noise and interference of the optical
elements is far better than for the RF components, and this has an effect on
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the achievable SNR. As found in the experimental validation, the SNR of
the electrical conversion method is improved in almost an order of
magnitude by the optical approach and this behavior is directly reflected in
the detection limit of the instruments. The possible range of modulation
frequencies is also a factor that must be taken into account given that it is
very important to adjust the modulation frequency to the optimum point in
order to obtain optimum performance. In the electrical setup this operation
range is limited by the RF components being very dependent on the quality
of the devices. In the optical setup the operation range is only limited by the
optical intensity modulators that usually have a bandwidth that goes from
DC to a few tens of GHz, having therefore much higher flexibility of
configuration.

Fig. 2-9. Phase shift induced in the optical signal by the ro-vibrational transition of
methane at 1650.96 nm recovered using the optical frequency downshifting approach.
(Fig. 9 of paper [A])

Besides this, an analytical model for the propagation of light in a
dispersive medium has been developed to enable calibration-free operation
using as input data from a spectral database. From simulations performed
using an analytical expression based on a low gas concentration
approximation, calibration-free accuracies of 4.5% and 3.5% were obtained
for the electrical and optical frequency conversions schemes respectively.
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2.3 OPTICAL FREQUENCY DOWNCONVERSION
ARCHITECTURE FOR CHIRPED LASER
DISPERSION SPECTROSCOPY (PAPER [B])
As a direct consequence of the work performed towards the
development of the HPSDS optical downconversion detection architecture,
it became evident that several of the ideas that emerged were of direct
application to other dispersion spectroscopic method like CLaDS (presented
in the introduction of this chapter). These ideas were gathered in paper [B]
and will be briefly discussed in this section. The reader is referred to section
6.2 for the full text of the publication.

2.3.1 Previous CLaDS implementations
CLaDS is a technique that has been extensively tested, validated and
improved over the last few years. Different architectures, some of them
based on quantum cascade lasers working in the mid-IR [44,54] and others
based on laser diodes working in the range between 1500 and 1700 nm
[61,62], have be presented and experimentally demonstrated. Similarly to
what happens with the HPSDS method, in CLaDS there is an optimum
modulation frequency for the maximization of the SNR of the sensor that
very often lies within the GHz range [61]. Therefore, the beat note
generated in the detector would equally be in the GHz frequencies. Because
of the architecture of CLaDS sensors, it is necessary to perform a frequency
demodulation of the beat note signal and given the complexity of
performing this task at such high-frequencies, the common approach in all
the references presented up to now has been to employ a high-end RF
spectrum analyzer.
In paper [B] a new CLaDS architecture based on optical heterodyne
frequency downmixing is presented. The setup makes possible the
demodulation of the beat note using a low cost and compact frequency
demodulator that is directly connected to a low-speed photodetector.
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2.3.2 Optical downshifting frequency conversion scheme
for CLaDS
The block diagram of the proposed optical frequency conversion
architecture is shown in Fig. 2-10. The spectral feature induces a frequency
shift in the chirped optical signal that can be measured to recover the
dispersion profile of the sample. Nevertheless, it is necessary to detect small
frequency changes (that can be of a few tenths of Hz) on high frequency
signals and therefore some kind of heterodyning is fundamental. In paper
[B], an optical heterodyning method similar to the one presented for the
HPSDS method is proposed. Hence, a second electro-optic intensity
modulator is placed after the gas cell before the photodiode. The beat note
is shifted to an arbitrary low frequency that can be directly processed by a
regular FM demodulator.

Fig. 2-10. Basic block diagram the optical frequency downmixing setup for Chirped laser
dispersion spectroscopy. LD, Laser diode; SG1, Signal generator at frequency Ω1;
EOIM, Electro-optical intensity modulator; GS, Gas sample; SG2, Signal generator at
frequency Ω2; PD, Photodiode; FM DEM, FM demodulator. (Fig. 1 of paper [B])

Using the analytical expression for the time dependent phase of the
beat note (Eq. (2-2)) it is shown that the output signal of the proposed setup
is equal to that of the original CLaDS system presented by Wysocki and
Weidmann [44]. The only variation is the downshifting of the central
frequency from the modulation frequency of the tunable laser (in the GHz
range) to an arbitrarily low frequency that can be easily controlled to yield
within the frequency range of a low cost FM demodulator.
(

|
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)

(2-2)

2.3.3 FM receiver implementation
By the limited extension of the letter in which this architecture was
presented only rough details were given about the detector, now the full
schematic is presented in this section together with pictures of the actual
circuit implementation.
The schematic is given in Fig. 2-11 and it is based on the test circuit of
the NE604A (Philips Semiconductors, Eindhoven, Netherlands) low power
455 kHz FM IF integrated circuit. The values of the components employed
were 100 nF for C1, C2, C3, C4, C5, C7 and C8, 10 pF for C6, 15 nF for C9,
150 pF for C10, 1 nF for C11 and 6.8 µF for C12. In the same way, R1 was
equal to 51 Ω, R2 and R3 to 1500 Ω and R4 to 100 kΩ. The RF filter F1 was
a Murata CFULA455KB4Y-B0 with a center frequency of 455 kHz and a
bandwidth of 15 kHz. Finally, the resonant LC circuit (F2) was implemented
using a 180 pF capacitor and a 330 µH variable inductor with an adjustable
range of 6%. A picture of the final PCB of the circuit is shown in Fig. 2-12.

Fig. 2-11. Schematic of the low cost FM demodulator used in the experimental validation
of the optical CLaDS architecture.
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Fig. 2-12. Picture of the PCB of the FM demodulator. A pen is also shown for size
reference.

2.3.4 Experimental validation
The optical frequency conversion scheme for CLaDS has been
validated using again the transition of methane at roughly 1651 nm. The
results that are shown in Fig. 2-13 provide a detection limit of roughly 6.5
ppm*m/Hz1/2 a value in the same order of magnitude that the detection
limit obtained by previous implementations of CLaDS [61] based on much
more complex and expensive equipment.

Fig. 2-13. Measured CLaDS signal (deviation from the central frequency) as a function of
the wavelength. (Fig. 2 of paper [B])
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2.4 DISCUSSION OF RESULTS
From the very first sections of this chapter the advantages of using
dispersion based spectroscopic methods have been presented. These
advantages are especially useful for open path gas analyzers in which the
optical measurement path is in free space. New detection methods and
architectures based on telecommunication, RF and optical processing
techniques and devices for molecular dispersion spectroscopy have been
introduced and experimentally validated conforming the first two
contributions of the author (papers [A] and [B]).
The HPSDS technique presented on paper [A] is based on the
measurement of the phase shifts induced on a three tone optical signal by
the variations of the index of refraction (as a consequence of the presence of
a gas) in the vicinity of a spectral transition. Given that only the phase of the
beat note is measured and used for the estimation of concentration, the
technique is inherently robust to power fluctuations in the optical path and,
hence, does not require normalization. By the range of application, HPSDS
can be directly compared to CLaDS. Both techniques are immune to power
fluctuations and to the effect of the power baseline and have an extended
dynamic range in comparison to absorption methods. Nevertheless, not
necessarily form the implementation point of view, but heterodyne phase
sensitive sensors are not nearly as complex as CLaDS analyzers in terms of
data processing. As a reference, in CLaDS the absorption feature must be
swept at high speed in a few microseconds and this usually introduces
nonlinearities in the swept signal that distort the output of the sensor. In
HPSDS the speed of the sweep has no effect of the output and can be freely
chosen to obtain a certain output data rate. The effect of noise is also more
problematic in a FM demodulation than in lock-in phase detection, given
that, in the second case, the noise bandwidth is reduced by several orders of
magnitude.
Besides this, some of the ideas that emerged from the work carried out
towards the development of HPSDS are of direct application to CLaDS
sensor and therefore a new architecture was proposed in paper [B]. The new
scheme allows the use of a slow-speed photodiode and a low-cost regular
FM demodulator to isolate the output signal in what supposes a noticeable
reduction in the complexity and the cost of current CLaDS sensors. Besides
this, the modulation frequency employed (that must be adjusted to match
the FWHM of the spectral line for best performance) can be compensated
in the second optical modulator to not have effect on the detection
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subsystem and, therefore, the flexibility of the sensor is highly increased.
Hence, the wide range of operation of the electro-optic modulators enables
easily achievable optimum performance at any pressure. The new
architecture brings CLaDS sensor design a step closer to the obtaining of a
self-contained field deployable system.
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3. DUAL OPTICAL
FREQUENCY COMB
BASED ARCHITECTURES
FOR DISPERSION
MOLECULAR
SPECTROSCOPY AND
ROBUST SPECTRAL
CHARACTERIZATION
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As briefly introduced in the first chapter of this dissertation, OFCs are
light sources that provide a spectrum which consists of equidistant optical
monochromatic tones. Various technologies for comb generation have been
developed; among them the combs generated by passively mode-locked
lasers have thousands of individual frequency components that are spread
over a spectral range of more than an octave [1,2]. OFCs thus can be
considered as an optical source that combines the advantages of lasers and
broadband emitters. Nevertheless, as well as broadband emitters, OFCs
need a spectral interrogation method for the extraction of the spectral
information. Even though traditional methods can be used for performing
this spectral interrogation (like spectrometers or FT-IR spectroscopy), dualcomb spectroscopy [63,64] is very often the detection method of choice due
to its great potential. This technique, as presented in the next sections, is
based on heterodyning two stabilized OFC in a way in which each optical
tooth is individually mapped into the RF domain where many signal
processing methods are readily available. However, the typical requirements
and cost of such a setup are remarkably high, concealing the use of OFCs
inside the metrology laboratory. New solutions are currently under
development to overcome this constraint [65].
An alternative to traditional wide spectral coverage OFCs based on
solid-state or fiber lasers are the combs generated by the modulation of a
continuous-wave laser with a RF source. Even though the number of
spectral components (lines) is more limited, these combs are very
convenient for many applications due to its higher power per line, the
simple spacing control and far lower complexity and cost. This method for
synthetizing OFCs is especially well suited for dual-comb spectroscopy
because of the possibility of generating the two combs from a single
continuous wave laser removing the need for inter-comb synchronization.
In this chapter, different dual-comb architectures for robust and fast
operation are presented with the main aim of paving the way to the use of
combs in spectroscopic instruments out of laboratory environments.
In connection to the previous chapter, even though OFCs can only
perform measurements at discrete wavelengths, these points can be
continuously monitored achieving in this way far higher speeds of operation
than those of methods based on tunable sources. Likewise, the accuracy
with which spectral features can be measured using OFCs, given that the
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separation between the lines of the comb can be referenced to a frequency
standard, is far higher than the accuracy that can be achieved with any other
method.
In this third chapter of the thesis, a multiheterodyne architecture based
on a coherent dual-comb source generated by the electro-optic modulation
of a single continuous wave laser for fast molecular dispersion spectroscopy
is presented. While keeping the same characteristics of the dispersion based
approaches presented in the previous chapter, the scheme takes advantage
of the parallel simultaneous characterization of multiple spectral points to
offer an improvement by several orders of magnitude of the output data rate
of current tunable laser based gas analyzers. Moreover, the architecture
exploits the measurement of dispersion together with the coherence
between the repetition rates of the two combs and the acquisition hardware
to eliminate any reference optical path used by current absorption-based
architectures, greatly simplifying preceding setups (paper [C]).
Besides this, and based on the advancements in the development of
the multiheterodyne molecular dispersion spectroscopy architecture
previously introduced, a second dual-comb setup for fast and robust
spectroscopy and optical device characterization is also presented. In this
architecture the placement of the gas sample has been taken out from its
traditional location allowing for stable and robust operation without
reconfiguration independently of the sample or the optical path length to
characterize (paper [D]).
In the next section, the main concepts of OFCs are introduced
together with dual-comb spectroscopy. Then the combs generated by the
modulation of a single laser are introduced. Subsequently, the
multiheterodyne architecture based dual-comb source generated from a
single continuous wave laser for fast molecular dispersion spectroscopy is
presented. After that, a second dual-comb setup for fast and robust
spectroscopy and spectral characterization is also presented. The chapter
ends with some conclusions.

3.1 OPTICAL FREQUENCY COMBS
The first optical frequency comb based on a mode-locked Ti:sapphire
femtosecond laser was demonstrated in 1998 by the group of Prof. Theodor
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W. Hänsch [66]. This work was soon followed by the first absolute optical
frequency measurement using an OFC [67] with an improvement in the
accuracy of more than an order of magnitude over previous optical
measurements. These results triggered an authentic transformation in the
field of high-precision optical metrology where the high potential of OFCs
soon overshadowed classical optical sources like tunable lasers and
blackbody emitters [68–70]. One of the most important particularities of
OFCs is that the frequency of each one of the optical components can be
exactly known (with respect to an atomic clock reference). This section is
not intended to be a thoroughly revision of OFCs but just a brief
introduction to the main characteristics and concepts of these sources.
There is a good number of review papers covering in depth the notions here
introduced [71–74].
As it was previously said, the main characteristic of an OFC is a
spectrum consisting of equally spaced optical tones (also known as lines or
teeth). The number of spectral components may vary between tens of
thousands for combs based on femtosecond fiber lasers to a few tens for
combs generated by the modulation of continuous-wave lasers. Nonetheless,
as it is shown in Fig. 3-1, independently of the number of modes, the comb
is characterized by the repetition frequency (frep) and the offset frequency
(foff).

Fig. 3-1. Spectrum of an optical frequency comb.

The repetition frequency can be defined as the separation between
optical tones and it is perfectly equal throughout the spectral range of the
comb. Meanwhile, the offset frequency is the frequency of the lowest
possible comb mode that will be obtained by extrapolating the comb
spacing to the lower range of frequencies. In combs generated by modelocked lasers, the repetition frequency is roughly equal to the inverse of the
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round trip time of the cavity of the laser and the mismatch between the
phase and group delays of propagation inside the cavity introduces a shift in
phase between consecutive pulses that results in the offset frequency.
Fortunately, there are different techniques that make possible to measure
and stabilize frep and foff with respect to a certain frequency reference.
Therefore, the optical frequency of each of the teeth of the comb can be
determined as:
(3-1)
where fn is the frequency of the nth mode. It must be noted that the comb
spectrum of Fig. 3-1 is only represented by the red tones, while the black
ones correspond to the extrapolation of teeth to lower frequencies.

Fig. 3-2. Correspondence between (a) the frequency domain spectrum and (b) the time
domain signal of a frequency comb.
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It is well known that a frequency domain representation like that of an
OFC corresponds in the time domain to a train of pulses. As an example, in
Fig. 3-2 (a) the spectrum of an ideal Gaussian shaped comb is shown
together with its time domain equivalent (Fig. 3-2 (b)). The time domain
electric field of the optical signal consists on a train of short pulses equally
spaced in time. The separation between pulses is named repetition rate (t rep)
and it is equal to the inverse of the repetition frequency. Hence, in a comb
with high separation between pulses the optical tones will be widely spread
and vice versa. In the same way, the pulse width of the comb is inversely
related to the spectral bandwidth, and therefore ultra-short pulses must be
obtained if an ultra-wide comb is to be generated. For these reason, in order
to obtain combs with an exceptional spectral coverage, femtosecond lasers
are very often compressed in highly nonlinear fiber [75].

Fig. 3-3. Normalized spectral intensity of a Ti:Sapphire comb generator [76].

As it was previously stated, the stability of a comb is threatened by
several noise sources that cause both the stretching and drift of the optical
modes. Therefore, it is necessary to lock in phase the repetition frequency
and the offset frequency to a frequency reference. In this way, the optical
modes are coherent in phase not only with each other, but also with the
reference [77], and their absolute frequency can be unambiguously
determined. The repetition frequency can be easily monitored by the beating
of the comb modes on a photodetector with adequate bandwidth; so it is
possible then to use this measurement to control the cavity length,
stabilizing in this way the repetition rate of the source. Even though other
detection schemes are possible, if the OFC spans more than an octave, the
offset frequency can be obtained by heterodyning the frequency-doubled nth
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mode of the lower range of frequencies with the 2*nth mode [78]. This
procedure is known as self-referencing and allows the stabilization of the
comb by acting over the pumping power of the laser source [79] (others
stabilization methods have also been demonstrated [80]).
Although OFCs can be implemented in various ways, the Ti:Sapphire
femtosecond lasers were the firsts to spark a number of comb based
demonstrations [72,81,82]. These combs synthesizers are based on a
Titanium doped Sapphire crystal with an optical path length of a few
millimetres that is pumped by a 515 nm or 532 nm laser. To obtain pulses of
a few femtoseconds in duration, the optical cavity must be designed for Kerr
lens mode-locking operation [83,84] and the group delay of the crystal must
be compensated using chirped mirrors [85] or dispersion-compensating
prisms [86]. The spectrum of a Ti:Sapphire femtosecond laser [76] is shown
in Fig. 3-3. An external microstructure fiber can also be used for further
spectral broadening [87,88].
Despite the superior performance of Ti:Sapphire femtosecond laser
based OFCs in comparison with other types of comb generators, the setups
are complex and hard to operate, and the cost of implementation is
remarkably high. Erbium fiber laser based frequency combs reduce the size
and cost and increase the robustness of Ti:Sapphire sources, and can be
implemented in an all-fiber ring cavity [89] emitting with a wavelength range
centred at 1500 nm. The basic schematic of fiber laser OFCs consists of an
optically pumped Er-doped optical fiber that is placed within a closed loop
forming an optical cavity [90,91]. As before, in order to stabilize the comb,
the offset and repetition frequencies must be monitored and stabilized in
relation to a frequency reference. The control of the pumping current of the
fiber allows the lock of the offset frequency, whereas the use of an
intracavity piezoelectric transducer to adjust the cavity length allows to
stabilize the repetition frequency [92]. The spectral coverage of the
synthesizer can be increased by the use of large mode fiber and highly
nonlinear fiber [75].

3.1.1 Dual-optical frequency comb spectroscopy
As a difference with tunable lasers, OFCs need a spectral interrogation
technique for the measurement of the spectrum. Traditional detection
architectures are possible, like diffraction gratings to separate in space the
different modes of the comb and a CCD to capture its intensity [93]. A
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second detection method that has also been exploited in combs
spectroscopy [94] is based on the use VIPA spectrometers [95,96] that
consists on a solid etalon that vertically diffracts the comb light before it
reaches the diffraction grating. However, dual-comb spectroscopy is a far
more powerful detection method that makes possible to take advantage of
the full accuracy and resolution of the combs and it is based on two OFCs
with slightly different repetition frequencies.
Dual-comb spectroscopy was proposed by Schiller in 2002 [63] and
the first experimental demonstration was performed by Keilmann et al. [64]
two years later. In the basic setup of a dual-comb system that is shown in
Fig. 3-4, one of the combs is sent through a gas sample and then combined
with the second comb (known as the local oscillator and that has a repetition
frequency slightly different from that of the measurement comb). Both
optical combs are heterodyned on a photodiode and this results in a comb
of radio frequency beat notes that can be digitized. In this way, each of the
optical modes is individually mapped into de RF domain where high
performance signal processing tools and methods are available. It is then
possible to obtain the amplitude and phase of each of the optical teeth of
the comb that have travelled through the gas sample in relation to the local
oscillator obtaining thus the spectral response of the sample. A second
detector is also included to obtain a reference measurement that is mainly
used for amplitude and phase normalization, allowing to compensate any
fluctuations in the spectral shape of any of the combs.

Fig. 3-4. Block diagram of a dual comb spectroscopy setup. OFC, Optical frequency
comb; GS, Gas sample; DGT, Digitization.

The one to one frequency mapping property of dual-comb
spectroscopy is illustrated in Fig. 3-5. The two optical combs must have the
same offset frequency and marginally different repetition rates. In this way,
when the combs are combined and heterodyned on a square law detector an
array of beat notes is generated with the resultant one to one frequency
downshifting. The most extended approach is to directly digitize the radio
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frequency comb before performing a Fourier transformation that yields the
amplitudes and phases of each of the teeth of the measurement comb.

Fig. 3-5. Frequency mapping between the optical and radio frequency domains. A RF
comb is generated as a result of the heterodyning between two combs with slightly
different repetition frequencies.

The fundamentals of operation of dual-comb systems are exceptionally
simple and the full accuracy of the combs has been probed with this method
[97]. Nevertheless, many difficulties appear in its implementations and most
of them are related to the synchronization between the two optical combs.
Given that it is necessary to have good stability between the combs during
the integration time of the measurement, the two OFCs must be locked to a
common highly stable reference. For example, in a recent demonstration
[92], a couple of continuous wave lasers stabilized to a single high-finesse
cavity using the Pound-Drever-Hall lock method [98] were employed as the
common reference. The beat notes between the couple of reference lasers
and the combs were used to individually phase lock the offset and repetition
frequencies of the two combs. All in all, despite the complexity of
implementation, the extraordinary potential given to dual-comb by exactly
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known optical frequencies that are mapped into the RF domain has been
demonstrated in many works by different groups [99–104].
Even though dual-comb spectral interrogation setups are equivalent to
the interrogation performed with an interferometer of FT-IR
instruments [105], there are several differences that are worth mentioning.
The complexity of implementation of dual-comb based systems is a
disadvantage with respect to traditional FT-IR setups. Moreover, the
requirements for phase stabilization between two OFC are very high,
limiting, almost exclusively, the applicability of dual-comb to a laboratory.
On top of that, the spectral coverage of OFCs nowadays is limited to a few
THz, far below the common coverage attainable by FT-IR systems. In the
other direction, the accuracy in the estimation of the optical frequency of
FT-IR setups is improved by up to 8 orders of magnitude by dual-comb
demonstrations [106]. And also very importantly, dual-comb schemes have
no moving parts, simplifying the alignment and increasing the robustness of
the instrument and providing resolutions that are far from those of state of
the art FT-IR spectrometers.

3.2 OPTICAL FREQUENCY COMBS GENERATED
BY THE MODULATION OF A SINGLE
CONTINUOUS WAVE LASER
The demands in terms of complexity of implementation and operation
of OFC generated from mode-locked pulsed lasers are remarkably high in
terms of stability and environment control, complexity and cost. This factor
restricts the applicability of this kind of sources beyond laboratory
demonstrations, leaving space for tunable lasers and other emitters for the
implementation of optical sensors in industrial, biomedical or environmental
applications. Nevertheless, a new interesting approach for field
spectroscopic applications is to use simple OFCs generators based on the
modulation of a single continuous wave laser [107]. It is well-known that for
many potential applications a level of operation as high as that of traditional
OFCs is not needed, and the demands of many systems can be completely
fulfilled with much lower levels of performance and characteristics that are
in line with the requirements [77]. This prevents the use of combs based on
mode-locked pulsed lasers in many applications and opens the possibility for
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much simpler OFCs generated by the modulation of a single continuous
wave laser [108].
Electro-optic modulators have become in the last years an interesting
option for its use as OFC generators. On top of that, recent advances in
electro-optic LiNbO3 waveguide modulators [109,110] have lowered the
driving voltages and increased the modulation frequency range, and new
architectures have even made possible the obtaining of ultra-flat
combs [107]. An alternative to the classical Ti:Saphire and Er-doped fiber
OFCs that were presented in the previous section are thus the combs
generated by the non-linear modulation of a continuous wave laser with a
stable RF source. This modulation creates equidistant sidebands (with a
separation equal to the modulation frequency) that are perfectly locked in
phase with the RF source. Therefore, the repetition frequency is equal to the
modulation frequency whereas the offset frequency is dependent on the
emission wavelength of the laser.

Fig. 3-6. Basic setup of an OFC generator based on modulating a continuous wave laser.
CWL, Continuous wave laser, SG, Signal generator, EOM, Electro-optic modulator.

Fig. 3-7. Spectrum of an OFC generated by modulating a continuous wave laser with a
single asymmetrically driven Mach-Zehnder modulator [107].

The basic setup of a frequency comb generator based a continuous
wave laser and a LiNbO3 modulator is shown in Fig. 3-6. The light of the
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laser is directly launched into an electro-optic modulator that is driven at
high power by a signal generator. The output of the modulator is a
frequency comb that consists on a central tone and a number of upper and
lower sidebands equally spaced with a separation equal to the modulation
frequency. Therefore, it is possible to get an OFC with a number of teeth
that ranges between just three and several tens. The main disadvantage of
this kind of generation is the reduced spectral coverage in relation to
classical combs. As an example in Fig. 3-7 the spectrum of a OFC generated
by modulating a continuous wave laser with a single asymmetrically driven
Mach-Zehnder modulator [107] is shown. It must be noted that a
combination of several electro-optic modulators or pulse shaping methods
can be used to greatly expand the spectral range of the combs. In this way, it
is possible to generate combs with a spectral coverage of up to 20 nm with a
3.5 dB variation in the amplitude of the teeth and 60 nm with variations of
10 dB [111].
The combs generated by modulating continuous wave lasers have thus
a reduced spectral coverage when compared to other Ti:Sapphire or fiber
comb implementations. Nevertheless there are several noticeable benefits of
using this technology: the complexity and the cost of these architectures are
far lower than the cost of mode-lock laser-based combs what also results in
extra robustness and easiness of operation. The spacing between optical
modes, for instance, is not controlled by the length of a cavity but just by
the radio frequency signal that drives the modulator. Besides this, a
sensitivity limiting factor like the power per spectral component is also
higher in combs generated by modulating continuous wave a laser.

3.2.1 Dual-comb spectroscopy based on a single continuous
wave laser
As it was said before, the high stability required for the operation of
classical OFCs extremely limits its applicability to a laboratory environment
in which environmental conditions are precisely controlled. An important
line of work is now under progress with the aim of overcoming these
limitations. A recently published paper by Sinclair et al. [65] demonstrates a
comb capable of being operated under vibration with linewidths in the Hzlevel. However, the implementation of a field-deployable dual comb
spectrometer is far more challenging because of the extra difficulties of
locking together two optical combs. In fact, and also in a pretty recent work,
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Ideguchi et al. [112] have proposed a change in approach in which a dual
comb spectrometer based on two free-running OFCs and adaptive
electronic signal processing is demonstrated. This technique could bring
classical dual-comb systems a step closer to field applications. However,
much further investigation is needed and it is not clear when a fielddeployable dual-comb sensor based on mode-locked lasers will be available.
By contrast, using combs generated by electro-optic modulators, it is
possible to easily generate a dual OFC source from a single laser as shown in
Fig. 3-8.

Fig. 3-8. Block diagram of a dual comb spectrometer based on a single continuous wave
laser source. CWL, Continuous wave laser, SG1, Signal generator at frequency f1, EOM,
Electro-optic modulator; GS, Gas sample; SG2, Signal generator at frequency f2, DGT,
Digitization.

Even though the setup for a dual-comb spectrometer based on a single
laser might look similar to that of classical combs, the level of complexity
and cost is by far much lower. As optical source just a laser and two electrooptic modulators are used instead of two synchronized highly stable OFC
sources. Therefore, the need of synchronization is removed, any fluctuations
in the laser are self-compensated [113] and, consequently, highly stable
spectrometers can be obtained. In the same way, the repetition frequency
can be easily controlled by changing the frequency driving the modulators
and the offset frequency is, on the other hand, given by the wavelength of
emission of the laser. For dual-comb instruments, these frequencies will
have a slight difference in their values to enable the beat notes between
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corresponding optical modes to be mapped from the optical into the RF
domain where can be acquired to read the amplitude and phase information.
It is worthwhile to note that to compensate from variations in factors
like the temperature of the modulators that can influence the spectral
distribution of intensity of the teeth of the combs, a reference optical path is
commonly used, as shown in Fig. 3-8. This arrangement makes possible the
normalization of the measurement for the compensation of any spectral
variations that could affect the results.
In the multiheterodyne architecture for fast molecular dispersion
spectroscopy that is presented in the next section this classical scheme has
been further simplified by taking advantage of the opportunities that emerge
from using dispersion based methods. The reader is referred to the section
6.3 of this thesis for the full paper.

3.3 DUAL ELECTRO-OPTIC OPTICAL FREQUENCY
COMBS FOR MULTIHETERODYNE
MOLECULAR DISPERSION SPECTROSCOPY
(PAPER [C])
As it was repeatedly stated in the two previous chapters, dispersion
molecular spectroscopic methods are based on detecting, instead of
absorption, variations in the refractive index that occur in the vicinity of
molecular transitions. For that it is necessary to measure the phase shift
induced on optical waves propagating through the gas in the spectral range
of interest. The HPSDS method presented in paper [A] exploits this
measurement of phase to provide (unlike absorption based approaches)
inherent immunity to baseline and normalization problems that results in
robustness to optical power fluctuations. Besides this, the dependency
between gas concentration and the change in the index of refraction is linear
enabling higher dynamic ranges. That method is based on a monochromatic
tunable laser source that sweeps the spectral line of interest while
monitoring the phase shifts induced in the optical wave by the change in the
index of refraction associated to the molecular transition. Therefore, the
sweep time of the laser and the corresponding integration times in detection
imply a limit in the speed of operation of the gas analyzers. Such limitations
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in the speed of operation might be overcome by using a dual-comb
approach that enables the parallel measurement at multiple discrete
wavelengths. By its simplicity and spectral coverage, OFCs generated by
modulating a continuous wave laser are the most suited comb synthesization
method to employ in this scenario.
In this section, a multiheterodyne architecture based on a coherent
dual-comb generated by the electro-optic modulation of a single continuous
wave laser for high-speed molecular dispersion spectroscopy presented in
paper [C] is introduced. Phase modulators are employed instead of the
amplitude modulators used in previous demonstration almost doubling, as a
result, the spectral coverage of the sensor. The use of phase-lock RF
oscillators for the generation of the OFCs and the acquisition hardware
together with the phase-sensitive scheme makes possible the operation of
the analyzer without any reference optical path greatly simplifying previous
architectures. Besides this, the multi-heterodyne parallel measurement design
allows for increased speed of operation in comparison with current tunable
laser based gas detectors.

3.3.1 Multiheterodyne molecular dispersion architecture
based on a dual-comb optical source
The proposed electro-optic dual-comb architecture for high-speed
multiheterodyne molecular dispersion spectroscopy is shown in Fig. 3-9.
The only laser diode that is used in the setup is connected directly to the two
phase modulators to generate the two combs that interrogate the sample.
The electrical field of the teeth of the comb after travelling through the
sample is described by (refer to paper [C] for more details):
(3-1)
where
is the repetition frequency of the comb and
is the phase of the
nth mode that is a function of the refractive index of the sample
:
[
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]

(3-2)

When this comb is combined with the LO comb and heterodyned on a
square law detector the measurement comb is mapped into the RF domain
maintaining the phase shift introduced by the spectroscopic sample:
(

(

)

)

(3-3)

Therefore, the RF comb can be synchronously digitized and processed
by a parallel multi-channel lock-in detector to yield the phase of each of the
teeth of the comb and from this the refractive profile of the sample.

Fig. 3-9. Detailed block diagram of the multiheterodyne DC analyzer. RFO, Reference
frequency oscillator; SG1, Signal generator at frequency fPM1 ; SG2, Signal generator at
frequency fPM2 ; SG3, Signal generator at frequency fAOM; SG4, Signal generator for the
acquisition clock; LD, Laser diode; PM, Electro-optic phase modulator; GS, Gas sample;
AOM, Acousto-optic modulator; FPC, Fiber polarization controller; PD, Photodiode;
BPF, Band-pass filter; ACQ, Acquisition hardware; L-I D, Multi-channel lock-in
detector. (Fig. 4 of paper [C])

The phase coherence between the repetition rates of the combs and the
acquisition hardware (obtained by locking in phase all the oscillators
involved in the setup) ensures the proper performance in recovery the
optical phase. This phase lock between optical teeth allows for a wavelength
step phase calibration procedure that is used to normalize the measurement
of dispersion eliminating the reference optical path of previous architectures
and increasing the robustness of the sensor. As presented in paper [C],
another difference with previous setups is a design oriented for fast data
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acquisition, instead of performing semi-static characterizations. For that
purpose, the integration time of the multi-channel lock-in amplifier that is
used to measure the phases have to be minimum and that can be obtained
by increasing the separation between the repetition rates of the two OFCs.

3.3.2 Dual-comb data acquisition and analysis
Due to the lack of space, some of the details of the architecture and
the detection method for multiheterodyne dispersion spectroscopy
presented in paper [C] were not addressed in detail and will be discussed in
more depth in this section.
In Fig. 3-10 a block diagram of the design of the multi-channel
detector is presented. The digitized signal (RF comb) is processed in parallel
by n channels (99 channels were implemented in the experimental
validation) of a lock-in detector. Even though the structure of all the
channels of the detector is exactly the same, the reference frequencies (f 1…n)
of the digital signal generators are different. These reference frequencies are
configured at values equal to those of the teeth of the RF comb enabling the
parallel monitoring of the phase of all the modes. The input signal is
independently multiplied by the cosine and the sine of the reference
frequency of each channel yielding two signals that are low-pass filtered. The
two low-pass filters of the channel control also the integration time of the
detector, data arrays are extracted from the input signals with a temporal
length equal to the integration time. These arrays are then averaged
(averaging is equivalent to low pass filtering) yielding the in-phase and
quadrature (I and Q) components of the corresponding tooth of the comb.
The last block of the channel calculates the final phase as the arctangent of
the quadrature term divided by the in-phase term and assigns the right
quadrant in each situation. In this way, the parallel approach can
simultaneously extract the phase of each of the optical components of the
measurement comb.
With this data acquisition and processing architecture the
measurement speed obtained (10 ms) improves previous dispersion
spectroscopic implementations. For example, a recently proposed dualcomb scheme also based on electro-optic OFCs [113] reported a
measurement time of 30 s for a similar number of spectral lines. In
comparison also with current molecular dispersion spectroscopic techniques
based on tunable lasers, different CLaDS measurements have been carried
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out with integration times of 1 s [54] and 10 s [53] for laboratory
demonstrations and 37.5 s for field measurements [53]. The validation of the
optical heterodyne CLaDS architecture of paper [B] was performed with an
integration time of 1 s and also the HPSDS sensor of paper [A] had 1 s
configured. Therefore, the approach proposed on paper [C] improves by
two to three orders of magnitude the speed of previously developed
techniques and setups.

Fig. 3-10. Block diagram of the multi-channel lock-in phase detection scheme. LPF,
Low-pass filter.
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3.3.3 Experimental validation
The experimental validation of the setup was performed using the
spectral line of HCN at 1544.51 nm. For repetition rates of 500 MHz and
500.1 MHz and an AOM of 40 MHz the results obtained are presented in
Fig. 3-11 together with the spectral fit of the data for an integration time of
10 ms. The average SNR of the setup in the measurement of the transition
of HCN at 1544.51 nm is 35 dB*Hz-1/2 resulting in an estimated detection
limit of 17.5 ppm*m/Hz1/2. The extrapolation of these results to the
stronger absorption features of methane in the 1650 nm region will result in
a resolution of approximately 1 ppm*m/Hz1/2, a figure that improves those
obtained by classical [61] and optical heterodyne [114] CLaDS sensors and
that of the first HPSDS demonstration [56].

Fig. 3-11. Measurement of the phase shift induced by the spectral feature in the teeth of
the comb as a function of the optical detuning (dots). The continuous line represents the
fit of the results. (Fig. 5 of paper [C])
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3.4 DUAL COMB ARCHITECTURE FOR ROBUST
FAST SPECTROSCOPIC MEASUREMENTS AND
SPECTRAL CHARACTERIZATION OF OPTICAL
DEVICES (PAPER [D])
In this section, an absorption-based compact and robust design of a
dual comb spectrometer based on two combs generated by modulating a
single continuous wave laser for fast spectroscopic measurements and
spectral characterization of optical devices, that was presented in paper [D],
is analyzed. The full paper can be found in section 6.4. As a difference with
the previously presented setup, this architecture is devised for the robust
measurement of absorption. Due to the architecture of the instrument,
robust and fast operation is achievable independently of the gas sample,
optical device or optical path length to characterize. The architecture takes
advantage of the simplicity of a dual comb setup based on the modulation
of a single laser. Therefore, the sensor has simple comb configuration and
control, high power per spectral component and high source stability.
One of the most important contributions of this paper is that the
sample or the optical device to characterize has been taken out of its
traditional location in one of the interferometric branches of the instrument
(Fig. 3-8) and placed after the recombination of the combs, providing robust
operation independently of the optical path or temporal stability of the
sample. Furthermore, a parallel multi-channel lock-in detection scheme has
been included improving the speed and the SNR of the system.

3.4.1 Multipurpose dual comb setup for spectroscopy and
spectral characterization
The block diagram of the general purpose dual-comb spectrometer
presented in this section is shown in Fig. 3-12. It is worthwhile to note that
instead of the dual optical path of the classical architecture of Fig. 3-8, the
instrument proposed in paper [D] uses an optical reference for the
normalization of amplitude that is taken after the recombination of the two
combs.
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Fig. 3-12. Block diagram of the general purpose dual-comb spectral characterization
setup. LD, Laser diode; PM, Electro-optic phase modulator; FPC, Fiber polarization
controller; AOM, Acousto-optic modulator, SG1, Signal generator at frequency fPM1 ;
SG2, Signal generator at frequency fPM2 ; SG3, Signal generator at frequency fAOM ; GS,
Gas sample; DGT, Digitization. (Fig. 1 of paper [D])

Any mismatch in the optical path lengths of the two branches of the
interferometer will cause the appearance of the phase noise of the laser in
the frequency of the beat notes. Therefore, the difference in the length of
different component avoids the implementation of a multipurpose dualcomb device with a traditional architecture. In the scheme proposed in this
section, the two interferometric branches are first combined and then sent
through the sample, being possible to precisely minimize the optical path
differences of the interferometer to optimize the SNR. After the
combination of the two combs, the resulting optical signal can be used
(together with the reference) for the characterization of any optical device
independently of its length without degradation in the noise isolation of the
sensor.

3.4.2 Data acquisition and analysis
The block diagram of the detection setup used in the experimental
validation of the architecture of paper [D] is shown in Fig. 3-13. The
implementation is similar to that of the detection scheme described in the
previous section (paper [C]) but several modifications have been made. The
first and most evident is that the channels of the lock-in amplifier detect
amplitude instead of phase. Therefore the in-phase and quadrature signals
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are squared and added to obtain the amplitude of each teeth of the comb
under analysis. Given that the architecture has now a reference optical path
for the normalization of the measurement of amplitude, two similar multichannel detectors are operating in parallel, one for the detection of the
measurement comb, and the other for the reference comb (Fig. 3-12). The
amplitudes of the corresponding tooth for the two combs are divided for
the normalization of the measurement.

Fig. 3-13. Block diagram of the double multi-channel lock-in amplitude detection
scheme. LPF, Low-pass filter.
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3.4.3 Experimental validation
As it was presented, in this system the two combs are generated and
combined before being sent through the spectroscopic sample or device
under test (DUT) ensuring the flexibility and robustness that is needed for a
multipurpose spectral analysis instrument. This performance has been
validated through the spectral characterization of two different optical
targets, the 1544.51 nm transition line of HCN and a Fabry-Perot optical
filter (FFP-TF2, Micron Optics Inc., Atlanta, USA), and the results of the
measurements are shown in Fig. 3-14 and Fig. 3-15. The fast operation that
is enabled by the lock-in detection scheme and the configuration of the
combs allows measurements to be taken in 100 µs, providing an output data
rate of 10000 measurements per second. In these conditions, the obtained
SNRs are 75 dB*Hz-1/2 and 70.5 dB*Hz-1/2 respectively for the gas sample
and the optical filter. It is worthwhile to note that between the
measurements of the gas cell and the filter no reconfiguration was made on
the system probing the robustness of the spectrometer against any
modifications in the characteristics of the sample to characterize.

Fig. 3-14. Measurement of the ro-vibrational line of HCN at 1544.51 nm (dots) and the
Voigt fit of the results (continuous line). (Fig. 4 of paper [D])
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Fig. 3-15. Measurement of the spectral response of a fiber coupled optical filter (dots)
and the Lorentzian fit of the results (continuous line). (Fig. 5 of paper [D])

3.5 DISCUSSION OF RESULTS
This chapter discussed the development of new architectures for dualcomb spectrometers based on combs generated by the modulation of
continuous wave lasers. Even though these combs provide a narrower
spectral coverage than that of classical OFCs, their robustness, low cost and
simplicity allow to take advantage of the high potential of OFCs out of the
metrology lab.
A new dual-OFC scheme has been first used to increase the speed (in
comparison with techniques based on tunable lasers) at which a gas analyzer
can operate (paper [C]). Therefore, a multiheterodyne architecture for fast
molecular dispersion spectroscopy was presented in section 3.3. The
scheme, based on a coherent dual-comb source generated by the electrooptic modulation of a single continuous wave laser, keeps the dispersion
measurement approach of the instruments presented in chapter 2 but
enables fast multi-wavelength parallel detection. On top of that, the
architecture exploits the dispersive measurement and the coherence between
the repetition rates of the two combs and the acquisition hardware to
eliminate any reference optical path used by current absorption-based
architectures greatly simplifying preceding setups. A simple calibration
procedure has been established for obtaining of a normalization reference.
The main point in favour is of the setup is that (as in many of the
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contributions presented in this dissertation) the complexity in the
implementation of the dual-comb system is taken from the optical to the
electrical domain, where there is almost an unlimited number of tools and
techniques available. Also a multi-channel lock-in detection scheme has
been introduced. These factors together hugely reduce the complexity and
the cost of the setups and provide ease of configuration and robustness of
operation.
Besides the dual-comb analyzer for molecular dispersion spectroscopy,
a second dual-comb architecture for general purpose fast and robust
spectroscopic measurements and optical device characterization has been
also developed (paper [D]). A difference in the length of the two optical
path of the interferometer in which the two OFCs are generated affects the
SNR of the sensor. This is not a problem of the previous multiheterodyne
molecular dispersion spectroscopic sensor given that the length of the cavity
can be easily compensated. Nevertheless, in a general purpose
characterization setup this issue must be addressed. Therefore, in this
second architecture the placement of the sample has been removed from its
traditional location and a lock-in detection scheme has been included
increasing the stability and the robustness of operation of the system.
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4. INTEGRATION AND
CALIBRATION OF A
DIFFUSE REFLECTANCE
SPECTROSCOPIC
SYSTEM BASED ON
BLIND SIGNAL
SEPARATION FOR
TISSUE ENGINEERING
APPLICATIONS
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The contributions that have been presented in the previous two
chapters are focused on new spectroscopic techniques and architectures
(even though signal processing methods for the obtaining of the spectral
information were also proposed) for molecular spectroscopy and spectral
characterization. These contributions can be, therefore, located in the left
part of the block diagram of a spectroscopic system which was included at
the beginning of chapter 1 (Fig. 1-1).
In this fourth chapter, the main contributions are made in the
application of spectral analysis methods for information extraction
(calibration) to a particular spectroscopic problem, and are, thus, located in
the right part of the scheme of Fig. 1-1. To better represent these points,
the Acquisition and spectral analysis block has been further expanded in Fig.
4-1. In this way, the output of the spectral technique is acquired and digitally
processed to obtain the spectral information of the sample. Most
instruments require additional processing steps, like the compensation of the
spectral shape of the optical source, of the baseline or the normalization of
the measurement, to isolate the spectral profile of the sample. Calibration
procedures are then applied for determining the targeted results (like analyte
concentrations) from the spectral profile, and finally, these results are
presented to the user.

Fig. 4-1. Block diagram of a spectroscopic instrument. The acquisition and spectral
analysis subsystem has been further detailed. HMI, Human Machine Interface.

In order to better illustrate the tasks performed by these last
components of a spectroscopic system, this chapter presents a study of the
application of various spectral analysis methods based on data classification
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algorithms to biomedical applications. In the same way, taking advantage of
the complete spectroscopic instrument for diffuse spectroscopy that was
developed as a platform for performing the study, system integration
considerations are also presented.
In the next section, the basics of diffuse reflectance optical
spectroscopy for biomedical applications are presented providing the
necessary information to place the contributions of paper [E]. In the second
section, the biological problem is presented, and the design of the
instrument detailed. As justified below, the particularities of the biological
problem make it very well suited to the use of data classification methods
for the spectral analysis of the measurements. This approach has proved the
feasibility of the non-invasive monitoring of bioengineered skin graft
substitutes. The chapter ends with a discussion of the results of this work.

4.1 CONTINUOUS WAVE DIFFUSE
REFLECTANCE SPECTROSCOPY
In line with the description of the characteristics of optical media of
section 1.2, the propagation of light in molecular samples, which has been
thoroughly reviewed in previous chapters, is, as it was previously justified,
limited by optical absorption. On the contrary, the propagation of light in
biological tissues is mainly limited by scattering. This kind of propagation
has given rise to a spectroscopic technique like Diffuse Reflectance
Spectroscopy (DRS) in which the optical sample is illuminated by a light
source with a certain spectral range capturing the back reflected optical
intensities from the target (even though other approaches have been
presented, this chapter is exclusively focused on DRS). One of the single
most important steps in the development of DRS methods for biomedical
applications was the recognition of the propagation of light in biological
tissues as a diffusive mechanism [115]. The photons entering the medium
are randomly diffused thought the volume in consecutive dispersive events,
and those photons that are not absorbed will emerge back from the tissue
carrying spectral information about any absorber present in the medium.
Due to the low absorption of water within what is called the
therapeutic window (from 600 nm to 1100 nm), photons are able to travel
long distances into tissues like the human skin. The propagation of light at
86

the therapeutic window range mainly undergoes scattering events that are
caused by, as it was previously said, cells, cell organelles, such as the
mitochondria and nuclei, and collagen that allow photons to travel deep into
the tissue before re-emerging to the surface. Nevertheless, there is also a
small level of absorption that is primarily induced by hemoglobin, melanin,
lipid and water. Through the analysis of the diffusively back reflected optical
spectrum different parameters like the concentration of absorbers or the
structure of the tissue can be assessed [116]. Nevertheless, the estimation of
the concentration of analytes is complicated by the presence of different
pigments in the skin and the important differences between patients. It must
be noted that a more detailed review of the methods for the extraction of
information from the back reflected spectral profile in biological tissues is
included in Appendix III.
DRS, unlike other existing techniques, makes possible non-invasive invivo measurements removing the need to take biopsies from patients that
limits highly the applicability of other characterization methods. On top of
that, once the tissue has been excised, hemoglobin concentrations for
example begin to diverge from physiologic quantities and the hydration level
also begins to change [117]. DRS methods overcome these problems
allowing for real-time operation whereas avoiding the need of performing a
biopsy to the patient. DRS together with different spectral analysis methods
have been demonstrated in many different biomedical applications, from the
obtaining of quantitative data of tissue oxygenation and blood volume [118],
to the characterization of skin hemodynamics [119,120] and the
measurement of collagen content [121] and lipids and water contents [122].
Besides this, DRS has been applied to the assistance in diagnosing different
diseases, from gingivitis and periodontitis [123] to pancreatitis [124] and the
prediction of ulcer healing [125,126] and wound [127] healing. Also, to
pigmented skin lesions (including melanoma) [128,129] and breast
cancer [86].

4.1.1 Spectral analysis methods for Diffuse Reflectance
Spectroscopy
As happens with the analysis of liquids and solids (described in section
1.2), in the analysis of biological tissues the overlapping between spectral
features of different analytes makes necessary further spectral analysis
processing to obtain the concentrations of the components of interest.
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Between the different existing approaches for DRS spectral analysis, one of
first method employed was the modeling of the propagation of light in
tissues through an analytical expression (this approach is in the same vein
that the calibration models based on spectral data information presented in
chapter 2). In its application to biological tissues, the Radiation Transport
Equation (RTE) [7] provides the basis for the separation of the contribution
of different analytes. Nevertheless, it is common to derive the much simpler
Photon Diffusion Equation (PDE) [6,8] from the RTE for computing
efficiency. Even though, these models have been able of performing
remarkably well [118,130,131] for DRS under certain conditions, the
complexity of most biological structures and factors like the inter-patient
variability make difficult to obtain reliable results in every situation. A
different approach related in some way to the analytical modeling of the
sample is the Monte-Carlo simulation method [132–134] that has also been
widely used for DRS analysis to estimate the concentration of analytes but
suffer from the same problems that the analytical solutions (these methods
and others are reviewed in more detail in Appendix III). Therefore, the
calibration of spectroscopic instruments based on analytical models
preforms well in the study of molecular samples, but presents major
deficiencies in the application to turbid samples.
A different approach, that has become the standard procedure in
most fields of spectroscopy, is the use of multivariate data classification
algorithms. Between them, Blind Signal Separation (BSS) techniques provide
a distinctive approach to the solution of the inverse problem. The focus is
not in the recovery of the optical properties of the sample, but in the
identification and quantification of the contributions of the analytes that are
present in the medium. BSS techniques are able to recover the individual
spectra of several contributors from measurements of their mixes, relying
only on the assumption of mutual independence between such contributors.
Therefore, regardless of the suitability for the application of a particular
solution of an analytical model or the complexity of the structure of the
optical media, and even though with some limitations, BSS methods should
be able to assess the contributions of the different components that affect
the optical spectrum. Unfortunately, it is not always possible to identify the
physical meaning of every component and in some situations it is necessary
to force the spectrum of an analyte into the algorithms. There are many BSS
methods having particular characteristics, nevertheless, in this section
Principal Component Analysis (PCA) and Independent Component
Analysis (ICA), that will be used later on the chapter, are briefly introduced.
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For a thoroughly revision of these methods there are several references
available [135–138].
PCA is based on the linear transformation of the measured data from
its original coordinate system to an orthogonal coordinate system whose
axes correspond to the principal components. Each succeeding principal
component is calculated in a way in which accounts for the largest possible
variability in the data (maximum variance). Therefore, the dimensionality of
the data can be reduced from its original size to the number of uncorrelated
contributors to the measurement (this is a highly valuable characteristic of
PCA especially when multiple high resolution spectra are under analysis).
Recently, PCA has been employed for the classification of multispectral
diffuse reflectances in imaging reconstruction [139] and the quantitative
evaluation of analytes concentrations [140].
ICA, in a very similar approach, has been developed to separate several
sources from the measurement of the mixture of these sources. ICA can
separate the spectra of several analytes from the measurement of the
combined spectrum and estimate the concentration of the different
constituents. This method has also been previously employed with success
in different applications [141,142].
In the next section, the application of PCA and ICA methods for the
monitoring of the level of angiogenesis on bioengineered skin substitutes in
the first days after engraftment is presented. Likewise, the design and
integration of the DRS instrument that has been developed as a platform for
the spectral characterization of the biological samples are also detailed.

4.2 INTEGRATION AND CALIBRATION OF A
REMOTE DIFFUSE REFLECTANCE
SPECTROSCOPIC INSTRUMENT FOR TISSUE
ENGINEERING MONITORING BASED ON
BLIND SIGNAL SEPARATION (PAPER [E])
The work performed towards the development of a remote, noninvasive DRS demonstrator for performing a feasibility study about the
possibility of early monitoring of bioengineered skin substitutes, that was
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published in paper [E] (that can be found in section 6.5 for further details),
is presented in this section.
Bioengineered skin grafts are covered after surgery by a protective
layer that is, very often, a devitalized skin. Therefore, the assessment of the
characteristics of the engraftment must be performed with photons going
through this protective layer and coming back to the surface. On top of that,
the optical properties of the protective layer change within days and this
result in a problematic scenario that makes very difficult the application of
common PDE solutions or MC simulations. Thus, BSS methods were
employed to analyze the data obtained from the measurements performed
on a set of skin grafts in which different behaviors were induced. The results
validated the viability of the non-invasive remote assessment of the early
evolution monitoring of bioengineered skin grafts.
Between the contributions of paper [E], this is, to the knowledge of
the author, the first use of DRS for the monitoring of bioengineered skin
substitutes. The same applies to the use of data classification algorithms for
calibration procedures in tissue engineering applications.

4.2.1 Bioengineered skin grafts
Bioengineered skin was designed to address the need for early
coverage of extensive burns. This artificial alternative overcomes the
limitations of surface presented by skin autografts and reduces the
complications that may occur during the recovery process. A thorough
revision of the principles of how bioengineered skin substitutes are designed
and manufactured is far from the focus of this chapter (detailed information
can be found in refs. [143–145]), however some very basic ideas will be
briefly given below. The main component of bioengineered skin substitutes
is a fibrin matrix that hosts the dermal cells allowing for blood clotting and
cell migration. The fibrin matrixes are populated with fibroblasts for
supporting keratinocyte growth and an easy remodeling into collagenous
dermal tissue. This design has been created by looking at the wound healing
process and, even though the perfect skin substitute has not been achieved
yet, it fulfills many of the desired clinical requirements. In fact, the
effectiveness in achieving tissue regeneration is now widely acknowledged.
Nevertheless, there are still some issues related to the dermal matrix that, if
solved, could allow better tissue regeneration and further enhance the
performance of skin substitutes.
90

Researchers from the Regenerative Medicine Unit of the Epithelial
Biomedicine Division based at the Centro de Investigaciones Energéticas,
Medioambientales y Tecnológicas (CIEMAT), Madrid, Spain have
developed a humanized mouse model suitable to the study, development
and improvement of bioengineered skin substitutes. This model has already
shown its validity for evaluating tissue regeneration [146] and can be
considered as a preclinical platform for reproducing the functional and
structural characteristics of the human wound healing process. The skin
substitution tests involve replacing the skin from the back of a humanized
mouse model with the bioengineered skin graft. The skin that has been
removed from the mouse model is devitalized through a number of cycles
of freezing and thawing and, afterwards, it is placed over the skin graft as a
protective layer. The devitalized skin gets dehydrated with the pass of the
days and this induces a profound change in its optical properties. Therefore,
the visual assessment of the evolution of the engraftment is not viable and
only after the devitalized skin is removed (or slough off) typically three
weeks after surgery, the state of the skin engraftment can be properly
evaluated. The objective of the work presented in paper [E] was to study the
viability of the non-invasive monitoring of the evolution of angiogenesis in
bioengineered skin substitutes, that could provide valuable information
during the first day after engraftment.

4.2.2 Diffuse reflectance spectroscopic sensor
bioengineered skin substitutes monitoring

for

The basic scheme of the sensor is shown in Fig. 4-2, the setup is
divided in three main subsystems, the electronic and optical subsystems and
the optical head. The whole design was developed in the Electronic
Technology Department of the Universidad Carlos III de Madrid (Spain).
The main component of the electronic subsystem is a multipurpose Cyclone
III FPGA from Altera (Altera Corporation, California, USA) in which the
four Digital Signal Synthesizers (DSS) that generate the modulation signals
and a digital four channel lock-in amplifier (this detection techniques has
been thoroughly reviewed in previous chapters) are embedded. A Nios II
soft processor, also embedded in the FPGA, is used for the control and
configuration of the setup and for measurement triggering and data
requesting tasks. These operations are performed under request from a
Graphic User Interface (GUI) running into a PC that communicates with
the FPGA using a RS-232 interface. Besides the FPGA, addition signal
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conditioning, acquisition and digital to analog conversion hardware is
required. The digital signals of the DSSs are sent to four digital to analog
converters that generate the actual analog signals that are used to modulate
the amplitude of the four lasers. As it was previously said, the modulation at
different frequencies make possible to simultaneously detect the reflectance
at each of the wavelengths. The values of frequency (chosen to minimize the
cross talk between channels) were 3800, 4500, 5100 and 6000 Hz. On the
other hand, the signal from the single photodetector is amplified (with a
programmable-gain amplifier) before being digitized by a 12 bits analog to
digital converter at 50 MSPS. This signal is then fed to a digital four channel
lock-in amplifier that isolates the reflected amplitudes at each wavelength
(modulation frequency) yielding a measurement of the diffuse reflectance
spectrum of the tissue under analysis.
In a dedicated PCB, connected to the main FPGA using a PCI104
stacking connector, the drivers for the laser diodes have been implemented.
The design is based on the LDD driver series from Wavelength Electronics
(Wavelength Electronics Inc., Montana, USA) and was optimized for
optimum amplitude modulation performance. Apart from the four drivers, a
high gain transimpedance amplifier with a filtering stage has also been
implemented for the electronic conditioning of the signal captured by single
photodiode that is used in the setup. A picture of the main PCB together
with the power supply and the PCB of the drivers and conditioning
electronics is shown in Fig. 4-3.
Within what can be considered the optical subsystem are the laser
diodes and the optical combination. It was decided to cover all the
wavelength range of the therapeutic window and four laser diodes with
wavelengths of 532 nm, 635 nm, 850 nm and 1064 nm were selected for the
application (DJ532-10, Thorlabs Inc., New Jersey, USA and
PL63C0053FCA-0-0-01, PL85B0053FCA-0-0-01 and PL10B0053FCA-0-001 from PD-LD Inc., New Jersey, USA). The light of the four lasers is
combined into the single fiber that guides the optical signal to the optical
head using a set of multimode optical combiners (FCMM625-50A, Thorlabs
Inc., New Jersey, USA).
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Fig. 4-2. Block diagram of the DRS instrument.

Fig. 4-3. Picture of the electronic subsystem of the spectroscopic system.
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Finally, the optical head includes the illumination assembly and the
receiver optics. The fiber that carries the light from the lasers is connected
to a fiber collimator (F220FC-780, Thorlabs Inc., New Jersey, USA) that
concentrated the signal on a spot around 2 mm wide on the surface of the
tissue. A polarizer (LPVIS050-MP, Thorlabs Inc., New Jersey, USA) is
placed after the collimator to ensure the uniform linear polarization of the
illumination signal. Given the spectral range to cover, a silicon
photodetector (FDS100, Thorlabs Inc., New Jersey, USA) was used is the
collection of the back reflected signal. A second polarizer (crossed with
respect to the other) was placed in front of the detector in order to eliminate
the reflection from the surface of the tissue. It has been proved that light
reflected by the superficial layers of the skin can be differentiated from light
backscattered from inner layers [147] using polarization gating. The
polarization of photons reflected on the superficial layers of the skin
remains unchanged whereas the polarization of photons that penetrate
through deeper layers is exponentially randomized due to scattering
events [148] and by the birefringence introduced in the tissue by collagen
fibers [149]. Therefore, using two cross-polarizers for the illumination and
the detection of light reflected from the tissue ensures that only photons
that have reached the volume of interest for the experiment are captured.
As said before, after acquisition, the signal is processed to extract the
intensities of the reflectances at the four wavelengths of the sensor. This
processing is performed taking advantage of a four channel lock-in amplifier
detector that is implemented into the FPGA. The design of the intensity
detector, that is shown in Fig. 4-4, is different from the design of the
detectors of previous chapters. In this scheme an active filtering stage has
been included to remove the effect of the interference from the power line
or the room illumination in the measurements. On top of that, both
amplitude and phase are extracted; the scheme uses the CORDIC method
for the measurement of phase.
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Fig. 4-4. Block diagram of the four-channel lock-in detector implemented in the FPGA.
LPF, Low-pass filter.

The control, data triggering and reading of results of the FPGAembedded lock-in amplifier is performed using a set of function that act as
drivers. The calls to these drivers are performed by the user GUI (that it is
executed in a PC) via RS-232 interface. A list with the main functions and a
short description of their operation is given below:
void mc_lockin_amp_pre_gain(unsigned int gain): Controls the gain of the
analog input chain allowing to maximize the resolution of the ADC
connected to the FPGA.
void mc_lockin_amp_offset_comp(void): Automatically compensates the
input offset of the analog input chain.
void mc_lockin_amp_input_mux(unsigned int input): Selection between the
main receiver and a possible auxiliary channel.
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void mc_lockin_amp_hp_filter(unsigned int enable): Enables or disables a
digital high pass filter designed to eliminate frequencies below 1000 Hz.
void mc_lockin_amp_dds_freq(unsigned int channel, unsigned int freq):
Allows to directly configure the frequency of each oscillator.
void mc_lockin_amp_dds_vpp(unsigned int channel, unsigned int vpp):
Controls the peak to peak voltage of the modulation signal.
void mc_lockin_amp_dds_offset(unsigned int channel, unsigned int offset):
Controls the offset DC level of the modulation signal.
void mc_lockin_amp_dds(unsigned int channel, unsigned int enable):
Enables or disables the direct digital synthesizers.
void mc_lockin_amp_acq_time(unsigned int channel, unsigned int time):
Allows to set the integration time of each lock-in amplifier.
void mc_lockin_amp_trigger(unsigned int channel): Triggers a measurement
in the selected channel.
float mc_lockin_amp_get_module(unsigned int channel): Returns the value
of the module of a measurement of a particular channel.
float mc_lockin_amp_get_phase(unsigned int channel): Returns the value of
the phase of a measurement of a particular channel.
float mc_lockin_amp_get_input_max(void): Returns the maximum input
voltage in the ADC during a measurement.
float mc_lockin_amp_get_input_min(void): Returns the minimum input
voltage in the ADC during a measurement.
void mc_lockin_amp_gpio_config(unsigned int port, unsigned int inout):
Configuration of the digital input-output pins as inputs or outputs.
unsigned int mc_lockin_amp_gpio_read(unsigned int port): Returns the read
of a digital input.
void mc_lockin_amp_gpio_write(unsigned int port, unsigned int value):
Allows to write a bit in a digital output.
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void mc_lockin_amp_info_reg(void): Returns the contents of all the
registers.

Fig. 4-5. GUI used in the tests. The different control zones are highlighted.

A screen capture of last of the components of the spectroscopic
system, the GUI used in the tests, is shown in Fig. 4-5. The GUI was
designed to be used for personnel non-trained in optics or photonics
systems after a sort introduction of a few minutes. The different control
areas of the program have been differentiated, first the on-off control where
the instrument is initialized and the lasers can be turned on for temperature
stabilization. Then, the configuration block allows the setup of the
integration times of the lock-in amplifiers, to enable extra filtering and the
control of the gain of the front end. The input monitoring area performs
measurements of the amplitude of the input signal to avoid the saturation of
the ADC. At the bottom left, the single measurement zone allows the
spectral calibration of the setup using a reflectance standard and the array
measurement zone is designed to capture data arrays. Finally, data saving
stores all the information into and .xls file.
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4.2.3

Experimental protocol

As it was previously stated, the main aim of this work is to study the
viability of the non-invasive monitoring of the evolution of skin substitutes.
This is done through the measurements carried out on a set of skin grafts in
which different angiogenesis behaviors (i.e. the strength and speed with
which blood vessels appear in the skin substitute) were forced.
Four mice were engrafted with different types of skin substitutes, in
two of them a regular bioengineered skin substitute was engrafted, whereas
in the other two the keratinocytes of the skin were made to overexpress the
VEGF (Vascular Endothelial Growth Factor) protein. Vascularization is
expected to appear earlier and in higher proportion in the VEGF-expressing
grafts than in the normal grafts. Therefore, changes in the DRS back
reflected spectrum should be apparent and give an indication of the state of
vascularization of the skin substitute.
The mice with VEGF-expressing grafts were labelled as VEGF1 and
VEGF2 and the control mice (with the normal grafts) as CTL1 and CTL2.
As it is shown in Fig. 4-6, the measurements performed to monitor the
evolution of the bioengineered skin were carried out placing the illuminated
spot right in the centre of the grafts. Besides this, measurements on a
second control point located at the nape of the mouse were used to quantify
the consistency of the instrument.
In Fig. 4-6 it is also possible to appreciate the appearance presented by
the circular protective devitalized skin layer placed over the engraftment a
few minutes after surgery. By contrast, a picture of a mouse taken seven
days after engraftment that is displayed in Fig. 4-7 shows the evident
changes that the devitalized skin has suffered, dehydration, wrinkles, and
non-uniform shape are evident. This is the main problem that the DRS
sensor here developed has to address; it should be able to assess the
evolution of the skin substitute that is placed underneath a protective layer
that suffers a massive change in its optical characteristics.
The measurements were carried on the four anesthetized mice one
after another on days 0, 2 and 6 after grafting. On day 7, biopsies of the
engrafted skin were performed to study the vascularization of the tissues. To
ensure the consistency of the data acquisition, a set three measurements
were performed and averaged in each location.
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Fig. 4-6. DRS measurements being carried out on a mouse.

Fig. 4-7. Appearance of the protective skin layer placed over the skin substitute seven
days after engraftment.
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4.2.4 Spectral data analysis
In the analysis performed in this study the two methods that were
presented in the introduction of this chapter, PCA and ICA, have been
applied. In particular, principal components and coordinates have been
calculated applying the Singular Value Decomposition algorithm and ICA
calculations have been performed using the Fixed Point Algorithm for ICA
from Hyvärinen [138]. Both PCA and ICA calculations have been made
using Matlab (MathWorks Inc, Massachusetts, USA).
As it has been discussed above, the engraftments were measured on
the four anesthetized mice on days 0, 2 and 6 after grafting, two of the mice
had normal skin substitute grafts and the other two were grafted with
VEGF-expressing grafts (in which blood vessels are formed faster and in
higher number). After that, on day 7, and in order to study the state of
vascularization and structure of the skin substitutes, biopsies were
performed in each type of graft. PCA method has been applied directly to
these values of reflectance for days 2 and 6. The covariance obtained by the
first principal component has been of 92 % on day 2 and 98 % on day 6,
therefore it has been considered that only the coordinates for this first
principal component are relevant for the separation between graft types.
Also, as it was previously found by Kainerstorfer et al. [150], the first
principal component presented a tight time consistency, it was practically
equal on both days with a small difference of 3.2% between the two
calculations.
The PCA analysis performed on day 6 shows a clear difference
between coordinates for the first principal component of the mice from
each type of graft that is not present on day 2, these results are shown in
Fig. 4-8. The coordinates for VEGF1 and VEGF2 are almost equal and
clearly separated from those of CTL1 and CTL2. Therefore, even though
the sensor is not able to differentiate between graft types on day 2 (likely
because not enough time has gone by for physiological differences to
appear) it can quite evidently separate the evolution of both types of grafts
four days later.
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Fig. 4-8. Evolution of the coordinates of the first principal component of the PCA analysis for each
mouse for days 2 and 6

In Fig. 4-9 the PCA coordinates for the three principal components on
day 6 are plotted. The covariance represented by the first principal
component is of 98% and thus it is possible to consider that only this
principal component can be used for the assessment of the evolution of the
grafts. Therefore, the dimensionality of the data is reduced from the four
spectral measurements to the coordinate for the first principal component.

Fig. 4-9. PCA coordinates on day 6 for the three principal components. Note the clear
differentiation between graft types for the first principal component.

In addition to the PCA analysis, the ICA method was applied to the
mean reflectance values measured at each wavelength for the four mice on
days 2 and 6. In this way, three constituent components are obtained for
each measurement together with the estimation of their concentrations. One
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of the constituent components (identified as constituent component 1)
accounts for the highest variability in the results and, as before, the
concentrations obtained for this component on days 2 and 6 are plotted in
Fig. 4-10. Even though as before no differentiation between graft types is
possible on day 2, clear contrast appears on day 6, with values of 0.043 and
0.041 for the VEGF-expressing grafts and 0.123 and 0.102 for the control
grafts.

Fig. 4-10. Evolution of the concentration for the constituent component 1 obtained of
the ICA analysis for each mouse for days 2 and 6.

The concentrations of the three constituent components obtained for
day 6 are shown in Fig. 4-11. In something similar to what happened in the
PCA analysis, the first constituent component accounts for almost all the
variability in the results while the concentration of the rest of the
components is pretty similar. Therefore, the concentration of only one of
the analytes (presumably hemoglobin) is differentiating the two types of
grafts.
After the measurement process, biopsies of the grafts were taken on
day 7, the results of the histology of these tissues are shown in Fig. 4-12 and
Fig. 4-13 for the control and VEGF-expressing grafts respectively. The
structure of the fibrin dermal matrix is quite similar in both histologies,
nevertheless, while only a few small size blood vessels are visible in the
control skin substitute, in the VEFG graft ultra wide hemorrhagic blood
vessels have been formed. Consequently, in relation to the typical
chromophores targeted by DRS systems, the main difference between the
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grafts is related to the amount of hemoglobin that can be found within the
tissue.

Fig. 4-11. Concentration obtained in the ICA analysis for the three constituent
components.

Fig. 4-12. Histological appearance of the control (normal) bioengineered skin substitute
seven days after grafting. FM, Fibrin dermal matrix; H, Blood vessel.

Fig. 4-13. Histological appearance of the VEGF-expressing graft seven days after
grafting. FM, Fibrin dermal matrix; H, Hemorrhagic blood vessel.
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The differences found on day 6 between the coordinates for the first
principal component in the PCA analysis and the concentration for the
constituent component 1 in the ICA analysis between the control grafts and
the VEGF-expressing grafts are clear in both cases. This is in contrast with
inexistence of differences between the coordinates of the rest of principal
components and of the rest of constituents. It could therefore be considered
that only one of the analytes that are being interrogated shows an important
difference in its concentration between the control and the VEGFexpressing grafts. This conclusion is in evident agreement with the results of
the histology that probed that the only noticeable difference between graft
types was the hemoglobin content. The results of the PCA and ICA analysis
also showed that separation on day 2 is not possible mainly because not
enough time has passed for any significant change to appear in the grafts.

4.3 DISCUSSION OF RESULTS
As conclusions, in this chapter the multiple laser DRS instrument
based on BSS classification algorithms for monitoring the evolution of
bioengineered skin substitutes in the first days after engraftment that was
proposed and experimentally validated in paper [E] has been presented. The
stand-off instrument has been able to non-invasively differentiate between
the evolutions of grafts with various states of angiogenesis.
A modulated four-wavelength illumination setup was developed in
conjunction with a multi-channel phase-sensitive detection scheme for the
synchronous measurement of the diffuse reflectance of the tissue. The
particular characteristics of the biological problem to address have driven
the use of BSS methods, instead of the analytical approach employed in
previous chapters. PCA and ICA were used in the analysis of the
measurements with both yielding a clear differentiation between the control
and the VEGF-expressing grafts in the concentration of one of the analytes.
In this respect, the histology performed to the tissues confirmed that the
amount of hemoglobin that could be found in the grafts expressing the
VEGF protein was far higher than that of normal grafts. This validates the
ability of the set of techniques employed for the assessment of early
vascularization of skin substitute grafts.
Besides the previously mentioned contributions, it is worthwhile to
note that a complete stand-alone DRS system was implemented for the
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study. The instrument was developed at the Electronic Technology
Department of the Universidad Carlos III de Madrid and transported to the
facilities of the Epithelial Biomedicine Division based at the Centro de
Investigaciones Energéticas, Medioambientales y Tecnológicas (CIEMAT).
The design of the sensor enabled its operation by personnel non-trained in
photonics systems during most of the study.
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5. CONCLUSIONS
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In this thesis, contributions have been made to all of the main
components of spectroscopic systems. In the successive chapters of this
dissertation, new techniques and architectures for narrow-band spectral
characterization based on tunable lasers, dual-comb systems based on
electro-optic modulators and novel spectral analysis and integration
approaches have been analyzed. The problems associated to the detection
and monitoring of molecular samples using absorption based methods have
been addressed by new narrow-band architectures for molecular dispersion
spectroscopy. In the same vein, several contributions have been made
focusing on overcoming the main limitations of current wide-band combbased systems in terms of cost, complexity and lack of robustness to make
possible its use in field instruments. Finally, a sensor based on BSS methods
was developed for performing a viability study in which the ability of
spectroscopic techniques together with data classification algorithms for
monitoring the state of angiogenesis of bioengineered skin substitutes has
been probed. These contributions can be placed in the block diagram of a
spectroscopic system shown in Fig. 5-1. Therefore, whereas in paper [A] a
completely new technique for molecular dispersion spectroscopy was
presented, paper [B] was focused on a novel detection scheme for CLaDS
sensors. Papers [C] and [D] proposed new spectroscopic architectures and
signal processing techniques for robust dual-comb spectroscopy, and, in
paper [E], apart from the integration of the system, the applicability of DRS
and various calibration algorithms to a biological problem were studied.

Fig. 5-1. Detailed block diagram of a spectroscopic instrument. The circles with different
colors show the placement of the contribution of each paper of this dissertation.
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In general, it can be considered that one of key contribution of the
dissertation is the use of devices and processing techniques mainly from
communications, RF, and commercial electronics to simplify the design of
current spectroscopic systems. This is reflected not just in the molecular
dispersion spectroscopic and DRS techniques but also and more importantly
in the proposed dual-comb architectures and processing methods.
Regarding the contributions for narrow-band spectroscopy based on
tunable lasers for molecular dispersion spectroscopy, the recently presented
heterodyne phase-sensitive detection (HPSDS) technique has been analyzed
in the second chapter of the document. The aim of the architecture is to
address the problem of the influence of power fluctuations in the estimation
of concentration of traditional spectroscopic molecular analysis methods.
The spectroscopic method takes advantage of the phase shift introduced by
the profile of the index of refraction of the spectral feature on a triple tone
optical signal to estimate the concentration of gas. The output of the system
is independent from the optical intensity reaching the receiver and,
therefore, the classical normalization problem of absorption based sensors is
overcome. On top of that, the linear relationship between concentration and
change in the index of refraction provides a virtually unlimited dynamic
range. A simple analytical model for the dispersion of light in the vicinity of
molecular features has also been developed enabling calibration-free
operation from data from spectroscopic databases. In comparison with
other existing molecular dispersion spectroscopy techniques, the new
method has obtained in its first demonstration a resolution limit that is in
the same order of magnitude that the resolution of methods at more
advanced stages of development. Furthermore, the implementation and the
analysis and extraction of the spectral information are not nearly as complex
as that of CLaDS systems for example.
Also in the second chapter a new architecture for CLaDS sensors was
presented. This architecture is based on the optical frequency downshifting
scheme of HPSDS and takes advantage of optical heterodyning techniques
to provide a major simplification of current CLaDS sensors. In the
monitoring of gases that are not very low pressures, the CLaDS signal that
must be FM demodulated lies in the GHz range, therefore, high-end
electronic spectral analyzers have been employed in the demonstrations
published in the literature. The architecture proposed in this thesis allows
through an optical downshifting scheme to use a low cost general purpose
FM demodulator for the demodulation of the CLaDS signal, supposing a
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very important reduction in the complexity and the cost of current CLaDS
sensors.
Apart from the narrow-band techniques, two novel architectures based
on dual-comb sources generated by the modulation of a continuous wave
laser have been analyzed in chapter 3. Both setups have been devised for
robust operation in clear contrast with the sensitivity of traditional ultrawide-band dual-comb setups to almost any external factor. Furthermore, the
cost of implementation, the complexity and reliability and the difficulties for
configuration and operation of the electro-optic combs are by far lower than
those of Ti-Saphire or fiber laser based combs. The efforts put into the
developments of the new dual-comb architectures are focused on the
objective of taking combs out of the lab allowing the full application of the
characteristics of comb based systems on field instruments.
The first dual-comb scheme presented is devised to overcome mainly
the limitations in speed of gas monitoring methods based on tunable lasers.
The sweep of the spectral line that is necessary for the characterization of
the spectral profile of the sample that methods based on tunable laser use
for the estimation of concentration implies a limit in the speed of operation.
The tunability speed of the laser, together with the associated integration
times on detection, restrict the operation speed of the sensor. In contrast
with the commons semi-static characterization performed by traditional
OFC-based instruments, in this dissertation a high-speed multi-heterodyne
dispersion molecular spectroscopic architecture is proposed. The multiple
teeth of a comb are continuously monitored by a multi-channel lock-in
detection scheme to yield a fast measurement of concentration that it is not
dependent on the sweeping time of the laser. Besides this, the architecture
uses the coherence between the repetition rates of the two combs and the
acquisition hardware to eliminate any reference optical path used by current
absorption-based architectures greatly simplifying preceding setups. The
resolution limit found in the experimental validation of the setup slightly
improved the results of tunable laser dispersion-based methods while
decreasing integration times by two to three orders of magnitude.
The previously mentioned second dual-comb architecture also
analyzed in chapter 3, was proposed as a general purpose instrument for
spectroscopic measurements and spectral characterization of optical
components with fast and robust performance. In a general purpose setup,
the length of the optical cavity or the fiber of an optical device have an
influence in the performance of a traditional dual-comb setup. The
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placement of the sample to characterized therefore has been shifted out of
the interferometric branches of the architecture increasing the stability and
the robustness of operation of the system. The architecture was validated
through the analysis a gas sample and an optical filter, with no
reconfiguration between measurement, obtaining in both situations SNRs
higher than 70 dB/Hz-1/2 and probing the operation for integration times of
100 µs.
In chapters 2 and 3, new spectroscopic techniques and architectures
have been proposed as well as signal processing (like the multi-channel lockin detection for dual-comb setups) for spectral interrogation and the
extraction of the spectral profile. In the fourth chapter, and completing each
block of the diagram of a spectroscopic system (Fig. 1-1), the application of
various spectral analysis methods based on data classification algorithms for
biomedical studies are analyzed. Furthermore, different considerations about
spectroscopic system integration are also presented. A DRS system based on
a multi-laser illumination source, synchronous multi-channel lock-in
detection and BSS spectral analysis methods for the monitoring of the level
of angiogenesis on bioengineered skin substitutes in the first days after
engraftment is detailed in chapter 4. A viability study was performed
probing that the non-invasive optical instrument together with the data
classification algorithms are able to differentiate between the evolutions of
grafts with different states of vascularization.
There are several present and future lines of experimentation and
research that are worth mentioning at this point. First, in relation with the
contributions for dispersion molecular spectroscopy based on tunable lasers
and, especially, on dual-comb architectures; both approaches are in their
first stages of development and further work is required to fully exploit their
potential and to take advantage of all the opportunities that these methods
provide. Therefore, in the field of gas sensing and analysis, tests with gas
samples with precisely controlled concentrations and environmental
conditions should be performed in order to find the limits of these
arrangements. In the same way, the applicability of the narrow-band
dispersion spectroscopic methods to different areas of research has to be
studied and tested.
Not only the potential, but also the range of application of the dualcomb based setups presented in chapter 3, go far beyond the experimental
demonstrations carried out to validate the performance of the proposed
architectures. The use of dual-comb optical sources generated by the
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modulation of a continuous-wave laser for different uses is now under study
by our research group. In fact, a reasonably advance state of development
has been reached in the applicability of these emitters to the fast reading of
optical fiber sensors and to optical ranging and positioning. Nonetheless,
several improvements can be included in the setups for further system
simplification, extra robustness and ease of scaling and integration.
Finally, and with respect to the spectroscopic instruments and
techniques for biomedical applications (fourth chapter of this thesis), the
study performed on animal models probed the viability of the non-invasive
monitoring of the evolution of angiogenesis on bioengineered skin
substitutes. The integration of the instrumentation system has provided a
complete diagnostic, including a GUI, that can be operated by non-experts.
In this sense, the system is set-up and ready to be incorporated in eventual
clinical tests to study its applicability in tissue engineering and medical
applications.
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7. APPENDIX I:

COMPARISON OF THE
IMPLEMENTATION OF
OPEN AND CLOSED
PATH GAS ANALYZERS
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As previously presented in chapter 2, there are two distinctive
approaches for the design and implementation of gas sensors: open and
closed path analyzers. Whereas open path instruments perform the
measurement in the mass of gas surrounding the sensor, closed path sensors
need a pump to fill with a gas sample the optical cavity in which the
measurements are taken. Two examples of implementations of each of the
architectures (of sensors designed by the same manufacturer (LI-COR, Inc.,
Nebraska, USA)) are shown below.
A picture of the LI-840A CO2 closed path analyzer without the
housing cover can be found in Fig. 7-1, it is possible to see the optical cavity
on top of the sensor enclosure and the two tubes that are necessary to take
the air into and out of the sensor. The laser and the photodetector would be
located respectively at each end of the cavity creating an optical path with its
same length. To operate this setup a pump must be connected to the air
intake.

Fig. 7-1. Interior of a closed path LI-840A CO2 analyzer (LI-COR, Inc., Nebraska, USA).

In Fig. 7-2 a photograph of a LI-7500A CO2/H2O analyzer is shown
together with the schematic of its main components. In contrast to the
closed path sensor, these analyzers do not take advantage of any closed
optical cavity as such and the laser light travels through open space. In the
schematic of the LI-7500A it is possible to see the locations of the
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illuminating source and the detector, and the optical path followed by the
laser beam. Therefore, it these systems it is not necessary to take a sample of
the gas and the measurement is performed directly in the volume of gas
surrounding the sensor.

Fig. 7-2. Open path LI-7500A CO2/H2O analyzer (LI-COR, Inc., Nebraska, USA). At
left there is a photograph of the sensor installed on a measurement station and at the
right it is possible to find its basic components scheme.
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8. APPENDIX II:
DISPERSION
MEASUREMENT IN
THE W BAND FOR
THE ESTIMATION OF
GLUCOSE
CONCENTRATION IN
WATER SOLUTIONS
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Throughout this dissertation dispersion-based spectroscopic
techniques have been used to overcome the limitations associated to the
measurement of absorption. Even though the main field of application has
been gas analysis and monitoring, the changes in the index of refraction can
be used to estimate the characteristics of other optical media [57,58]. An
example of the use of dispersion for the estimation of the concentration of
metabolites in water is detailed in this appendix. In the next sections, a full
feasibility study designed to test the possibility of detecting glucose in water
solutions, through the measurement of dispersion using mm-wave
spectroscopy in the W-band (75 – 110 GHz), is conducted.
The tests presented in this appendix are part of the work carried out in
collaboration with the Ultrakurzzeitspektroskopie und Terahertz-Physik
group of the Johann Wolfgang Goethe Universität. The author wants to
thank professors Hartmut Roskos and Viktor Krozer for providing the
opportunity of working together with their group and for the interesting
discussions and, also, to Fabian Dornuf and Bernhard Hils for their great
ideas and invaluable work.
The appendix begins with an introduction to the standard current
blood glucose measurement sensors and to the new emerging research lines.
The setup developed for the analysis is later presented and the results
obtained are discussed. The last section presents the conclusions extracted
from the feasibility study.

8.1 CURRENT GLUCOSE MEASUREMENT & NEW
RESEARCH LINES
The monitoring of blood glucose is well established today,
nevertheless, standard procedures are based on invasive methods that
require to obtain full blood drops. The assessment of the level of glucose in
a blood drop is performed taking advantage of an enzymatic reaction.
Coarsely speaking, an enzyme is a macromolecular compound that
accelerates chemical reactions. In particular, it was in 1962 when Clark and
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Lyons [151] proposed the use of the glucose oxidase enzyme (GOx), that
catalyses the oxidation of glucose to gluconolactone and hydrogen peroxide,
for glucose monitoring. This approach employed an oxygen electrode [152]
to generate an electronic current that is proportional to the concentration of
glucose. From that point, enzyme-based detection systems for glucose
monitoring have been importantly developed.
Three generations of enzymatic blood glucose monitoring systems
have been proposed. The first generation, to which the sensor presented by
Clark and Lyons belong, employs the consumption of oxygen or the release
of hydrogen peroxide to determine the glucose concentration. The second
generation is based on the direct transfer of electrons to electrochemically
monitored redox dyes [153–155] and the third generation on direct transfer
of electrons to electrodes [156–158]. There is a good number of references
in which the basics of enzymatic blood glucose sensors are thoroughly
reviewed and detailed [159–165].
The determination of the level of blood glucose using enzymatic
methods is sufficiently accurate and inexpensive, nevertheless, these
methods present many deficiencies (that are particularly important in the
care of diabetes mellitus) that must be addressed. These issues have been
examined in depth elsewhere [166] and potentially affect every aspect of the
measurement in what could lead to wrong therapies. Briefly, the accuracy of
the sensors is limited by manufacturing inconsistencies, by variations of the
environmental conditions or incorrect patient handling and operation. On
top of that, besides the negative effects on patient comfort, the need for a
finger prick to obtain a blood drop might potentially give rise to infections.
In addition, this measurements are based on consumables and have proved
difficult for continuous monitoring [167]. Thus, there is a clear need for new
non-invasive glucose monitoring techniques.
There are currently a few different non-invasive glucose blood
assessment methods under research and development programs and some
of them will be briefly reviewed below. In the same line that the
spectroscopic techniques presented in previous chapters, NIR spectral
measurements have been proposed for the estimation of the level of
glucose [168–170]. Nevertheless, the absorption of glucose in this range is
considerably small and this introduces accuracy errors that, at the moment,
are in excess of specifications.
Mid-infrared (MIR) spectroscopy shares the same principles with NIR
spectroscopy (but with a frequency range going from 3 to 8 µm) and has the
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added advantage of stronger absorption features that simplify signal
detection, even though this also limits the penetration depth. Even though
in the literature the illumination source of choice is very often a Quantum
Cascade laser, there are different approaches in respect to light detection.
While traditional cooled mercury cadmium telluride detectors were
successfully employed for the estimation of glucose concentration in
biological fluids in-vitro [171], photoacoustic sensing techniques [172] have
yielded better performances [173–175].
Between the photonic techniques it is also noteworthy to cite the
recent works on fluorescence-based glucose sensors [176,177] and dualwavelength optical polarimetry [178]. Also widely extended methods like
optical coherence tomography [179,180] or Raman spectroscopy [181] have
been employed. Apart from these techniques, different options analyzed in
reasonable depth can be found in a recent review paper by So et al. [182].
Even though some of these approaches have validated the feasibility of
a non-invasive monitoring of glucose, there are still accuracy and reliability
issues that must be addressed. In the same way, more studies are required to
establish a map of dependencies with parameters like the influence of
different blood component in the assessment of the glucose content.
Apart from the research lines previously presented, there are new
methods that are starting to emerge; one of them is millimeter-wave (mmwave) spectroscopy. This method allows far deeper penetration depths than
most of the other existing techniques and promises to have the advantage of
being able to monitor glucose levels in blood at stand-off. Mm-wave
spectroscopy has already probed its validity in the range between 500 MHz
and 20 GHz for the detection of glucose in blood plasma [183] and in the
range between 27 GHz and 40 GHz for the monitoring of glucose in
anesthetized rats [184]. Nevertheless, there is only a small number of
demonstration and mm-wave spectroscopic techniques are not well
established yet.
The work presented in this appendix is intended to be a systematic
study of the possibility of using mm-wave frequencies in the W-band (75 –
110 GHz) for glucose measurements. Besides this, a dispersion based
technique has been proposed with the idea of overcoming common
difficulties presented by absorption based methods in mind.

179

8.2 GLUCOSE DETECTION IN WATER SOLUTIONS
IN THE W-BAND
8.2.1 Description of the setup
Measurements of dispersion in the mm-wave range for frequencies
between 75 and 110 GHz have been carried out for solutions of glucose in
water in different concentrations. The measurement setup is based on active
frequency multipliers that are capable of shifting the frequency of an input
signal from a few GHz to the W-band. The detection of the high frequency
waves is performed in a similar way: the frequency of a reference signal is
multiplied and then heterodyned with the detected wave. This results in an
intermediate frequency signal that carries the same information (amplitude
and phase) than the W-band signal.
The architecture of the instrument implementd for the study
presented in this section is shown in Fig. 8-1. The output signal of a
generator (SG1 in Fig. 8-1) is directly connected to the input of an AFM6110 Active Frequency Multiplier (Radiometer Physics GmbH, Meckenheim,
Germany). The AFM6-110 has a multiplication factor equal to 6 and an
output frequency range that goes from 75 to 110 GHz, therefore the input
signal must be in the range within 12.5 and 18.3 GHz. The output of the
multiplier is coupled to a WR10 waveguide that is connected to a directional
coupler, this coupler split the signal into two WR10 waveguides. Whereas
one of the resultant signals is used as a reference, the other is sent through
the glucose solution. A glass cuvette with an optical path length of 1 mm
(Hellma Analytics GmbH, Müllheim, Germany) was located between two
straight cuts in the WR10 waveguide, without having direct contact between
the walls of the cuvette and the waveguides edges. The cuvette was filled
with the different solutions of glucose in water. Two HMR-110-6 W-band
receivers (Radiometer Physics GmbH, Meckenheim, Germany) were used to
detect the signal transmitted through the solution and the reference. Apart
from the main W-band input, the receivers have a second local oscillator
input in which a second signal generator is connected. The frequency of the
oscillator signal must be equal to the frequency of the signal feed to the
Active Frequency Multiplier but with the addition of an offset that allows
the shift of the W-band input signal to an intermediate frequency. The offset
must be adjusted for the intermediate frequency to lie in the range between
5 and 1000 MHz. The intermediate frequency signal from both the
measurement and reference detectors are digitized taking advantage of a
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Fig. 8-1. Architecture of the dispersion measurement setup. SG, Signal Generator; AFM,
Active Frequency Multiplier; DC, Directional Coupler; CUV, Cuvette; HMR, W-Band
Receiver; HS4, Acquisition Hardware. The blue wires represent base band signals (12.5 –
18.5 GHz), the red wires high frequency signals (75 – 111 GHz) and the green wires the
intermediate frequency signals (9 MHz).

All the samples (glucose solutions) were characterized by sweeping the
frequency and local oscillator signals (SG1 and SG2 respectively in Fig. 8-1)
between 12.5 GHz and 18.5 GHz in steps of 500 MHz. Therefore, the Wband signals generated for the measurement of dispersion ranged from 75
GHz to 111 GHz in steps of 3 GHz. The offset between the generators was
1.5 MHz resulting in an intermediate frequency of 9 MHz. The two
intermediate frequency signals where directly oversampled at 10 MHz by an
acquisition card and processed using LabView. A two channels lock-in
amplifier program was implemented to yield in real time the phase
difference between the signal transmitted through the sample and the
reference. The presence of glucose in the solution leads to changes in the
refractive index of the sample, which introduces a shift in the phase of the
mm-wave signals. This shift was recorded by the setup and used to study the
feasibility of glucose detection through the measurement of dispersion.
The solutions were prepared by dissolving different amounts of
glucose in distilled water for concentrations of 0 mg/dL, 1000 mg/dL, 5000
mg/dL and 10000 mg/dL. Several measurements were taken for each
concentration and the resultant phases at each frequency averaged to obtain
the mean values and the standard deviations.
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8.2.2 Analysis of results and discussion
The presence of glucose in water solutions introduces variations in the
value of the permittivity of the sample and the speed at which
electromagnetic waves propagate through the medium changes in
accordance. This change in the speed of propagation will induce a phase
difference between the signal travelling through the sample and the
reference signal that has been measured for the different concentrations
previously specified.
The first step in the characterization of the solutions of glucose is the
measurement of the phases that appear when there is only distilled water in
the cuvette. These phases will be considered as the zero value and any
variations induced by the presence of glucose will be given as increments or
decrements with respect to this reference.

Fig. 8-2. Phase difference between the solutions of glucose in water for 1000 mg/dL,
5000 mg/dL and 10000 mg/dL with respect to distilled water.

The phase shifts induced by the different solutions of glucose as a
function of the frequency are shown in Fig. 8-2. The dependency between
phase difference at a function of the frequency and glucose concentration
results obvious. The higher the amount of glucose in the solutions, the
higher the phase different at each frequency. This reduction in the phase
difference is induced by a decrease of the real part of the permitivity of the
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sample related to the amount of glucose in the medium. This decrease in the
value of the refractive index in the W-band produced by the increasing
amount of glucose is consistent with the data previously published in the
literature [182–184].
It is worthwhile to note that the maximum sensitivity of the setup
(maximum phase difference in the results of Fig. 8-2) is obtained at 96 GHz
and, therefore, this frequency point has been used for a correlation analysis
between the induced phase difference and glucose concentration. The
results of this analysis are shown in Fig. 8-3 together with the linear fit of
the measurements. A value of the coefficient of determination equal to
0.9983 gives an indication of the linear relationship between phase shift and
glucose concentration. This linear behavior is a typical feature of dispersion
spectroscopy methods. From the linear fitting of the data the sensitivity of
the setup is -1.98 º/g/dL.

Fig. 8-3. Phase shift induced in a signal at 96 GHz as a function of the
concentration of glucose in water solutions. Error bars represent the standard deviation
in the measurement of the phase difference.
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8.3 CONCLUSIONS
Even though the estimation of the level of blood glucose is well
established today, standard procedures are based on invasive approaches in
which an enzymatic method is exploited to measure the amount of glucose
on a drop of blood from the patient. These techniques are sufficiently
accurate and inexpensive but suffer from problems like the sensitivity of the
sensors to different factors that can alter the measurement, the need for a
finger prick and the difficulties for continuous monitoring.
There are currently several promising non-invasive measurement
methods under development that have probed their feasibility for blood
glucose detection, but nevertheless, there are still accuracy and reliability
problems that must be addressed. One of the newest approaches is based on
mm-wave spectroscopy that has already validated its capabilities for
detecting glucose in the 500 MHz to 20 GHz and the 27 GHz to 40 GHz
spectral ranges. However, the limited number of demonstration makes mmwave spectroscopic techniques to not be well established yet.
In this appendix, the architecture of an instrument for the
measurement of dispersion in the W-band (75 – 110 GHz) associated to the
glucose concentration in water solutions have been presented. The results
indicate that phase shifts induced by increasing concentrations of glucose
are directly related to the value of concentration. Besides this, the linearity of
this relation has been proved, this guarantee the high dynamic range of the
setup. It is, therefore, possible to conclude that the measurement of
dispersion can be used, not only for the analysis of molecular samples but
also, for the characterization of targets in liquid or solid phase.
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9. APPENDIX III: THE
INVERSE PROBLEM
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The forward problem was defined in chapter 1 as the procedure to
calculate the back scattered spectrum from the optical characteristics of a
tissue. Between others, the RTE and, its approximate solution, the PDE
provide the mathematical means to perform this calculation. Nevertheless,
any spectroscopic system is designed to solve exactly the opposite problem,
that is to assess the optical characteristics of a tissue ( and ) from the
diffusely reflected optical spectrum.
The performance of an instrument will be mainly given by the
efficiency of the method used for the assessment of the optical properties of
the medium from the back reflected spectral measurement. Different
approaches and techniques to address the inverse problem have been
proposed, from analytical to numerical or experimental models. Some of the
most relevant methods will be briefly reviewed below.
The first and most obvious approach to the solution of the inverse
problem is to employ a solution of the previously introduced PDE. As an
example, Eq. (9-1) corresponds to the solution of the PDE (presented by
Farrel et al. [130]) for a semi-infinite medium where the light emitter and
the detector are separated by a distance .

(

)

[

(
(
̃

̃

)

(9-1)

̃

)
̃
̃

̃

]

being
the diffuse reflectance,
the absorption
coefficient,
the reduced scattering coefficient and is the distance
between the emitter and the detector. The rest of parameters are obtained as
follows:
(9-2)
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[
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(9-5)

and finally
allows to define different boundary conditions. If Eqs. (9-1 –
9-5) are analyzed, it is possible to conclude that the diffuse reflectance is
exclusively a function of
and
(besides the distance between
emitter and receiver
and the boundary conditions defined by
).
Therefore, a system of coupled equations can be stated for measurements of
reflectance at several wavelengths. The solution to this system of equations
yields the optical characteristics of the medium (as will be presented later,
further assumptions are needed).
In another paper, Gandjbakhche and Weiss [131] presented a different
approach, a solution of the random-walk expression for the diffuse
reflectance that is shown in Eq. (9-6). The expression corresponds to the
reflectance of a semi-infinite medium with absorbing boundary and no index
mismatch in which the illumination and detection of light is performed over
the same spot.

√

*

√

+

(9-6)

⁄
where
is the diffuse reflectance and
is the ratio between
absorption and reduced scattering coefficients. Eq. (9-6) has been further
simplified by Vogel et al. [118] considering reasonable values of the optical
coefficients of tissues in the red and near-infrared spectral range resulting in
Eq. (9-7):
(9-7)
again is equal to the ratio between absorption and reduced scattering
coefficients, and as before, a system of coupled equations can be stated
taking advantage of measurements of the reflectance at various wavelengths
to obtain the optical characteristics of the medium. Nevertheless, as in the
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case of Eq. (9-1), independently of the approach employed in any
continuous wave DRS system there exists cross talk between the absorption
and scattering coefficients [185] and therefore it is not possible to uniquely
separate absorption and scattering contributions. Fortunately, the objective
of a DRS sensor for biomedical applications is not the determination of the
optical coefficients of the tissue, but the determination of the tissue
structure and composition (calibration).
In different publications it has been proved that a continuous wave
DRS system can uniquely reconstruct chromophore concentrations in
tissues [186,187]. For this purpose several assumptions must be made.
Firstly, the reduced absorption coefficient must be approximated for a
simplified Mie scattering behaviour:
(9-8)
where and are parameters related to the size, the refractive index, and
the concentration of scatters as well as the refractive index of the
surrounding medium. Second, the absorption coefficient must be expressed
as:
(9-9)

∑

where is the concentration and
is the extinction coefficient of the
th chromophore at wavelength . It must be noted that the extinction
coefficients of the chromophores present in biological tissues, like
hemoglobin, melanin, lipids and water, are well-known. The concentration
of these analytes in the tissues may be used to diagnose disease and to
monitor changes in various conditions [118].
Another widely used approach to the inverse problem, completely
different from the previously presented analytical methods however closely
related to the PDE, is the Monte Carlo (MC) method [132,133]. MC
computational methods are based on random simulations that are repeated
in huge numbers allowing to find solutions to various problems. In this
particular case, the path followed by millions of photons is traced in its
travel through a tissue with predefined characteristics, this enables the
obtaining of a simulated diffuse back reflected spectrum for any given
scenario.
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The MC method is not only a mechanism for solving the inverse
problem but it is also a powerful tool for the evaluation of the performance
of a diffusion model for different physical geometries [134], the study of the
wavelength dependence of the penetration depth and the sampling volume
of the detected light or the analysis the contribution to the spectrum of the
different layers of the skin [188] and different chromophores.
Also in a completely different line a lookup table (LUT) based model
for the determination of the optical characteristics of a turbid media has
been proposed [189]. This method is based on experimental measurements
of the diffuse reflectance spectrum of reference samples with known optical
properties. It is then possible to map the reflectance to the absorption and
reduced scattering coefficients creating a matrix that is interpolated to obtain
a complete LUT for the determination of the optical characteristics of an
arbitrary tissue [190].
A much simpler method based on the use of ratios between the
backscattered intensities at different wavelengths has also been successfully
proved for the detection and monitoring of diseased tissue [123].
The methods previously presented have been validated through
extensive tests and many different experiments achieving remarkably good
performances. Nevertheless, there are situations in which the applicability of
these approaches is difficult. For example, in the case of solutions to the
PDE, in some experiments the assumptions that ensure the accuracy of the
approximation may not be guaranteed. On top of that, not in every situation
it is possible to unequivocally verify that these assumptions are fulfilled. In
the same way, some measurement scenarios are too complex (if fact most of
the biological scenarios are too complex) to present an optical behavior that
can be accurately assessed by MC methods. Approximations must always be
made and, as before, it is quite a hard task to precisely evaluate the effects
and the influence of those approximations on the results. The performance
of both the LUT and the ratios based approaches relies almost exclusively
on the calibration process. Therefore, these techniques are very sensitive to
the conditions in which this calibration is performed and its efficiency can
be easily affected by external factors.
In cases in which the effectiveness of one of these classical methods
cannot be guaranteed, Blind signal separation (BSS) techniques can be an
alternative to re-establish the performance of a DRS instrument. Even
though there are many approaches, generally speaking BSS methods allow to
separate the results of an observation into constituent signals.
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