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Chapter

Integrated Optics and Photonics for
Optical Interferometric Sensing
Marco Chiarini, Alberto Parini and Gian Giuseppe Bentini

Abstract

Integrated optics (IO) microsystems, based on guided wave and photonics
structures, can find interesting developments for optical interferometric analysis in
sensing applications. In fact, IO interferometric microsystems can act as transducers of
the information carried on by an optical signal and originated along the signal optical
path. In addition, the application of Integrated Optics and Photonics techniques, allow
producing very small size and reduced power consumption instrumentation. These
features explain the reason why the IO microsystems for interferometric analytics
know an increasing interest in many areas such as Astrophysics, Environment,
Biosciences, Space and Earth Exploration, Safety and Security. This chapter starts by
synthetically describing the basics of the main analytical techniques covered by IO
micro-devices. A discussion of the integrated micro-device fabrication procedures,
with an analysis of the implied performance limitations, follows. Finally, a description
of new generation optical interferometric microsystems, applied to different scientific
and technical areas, completes the chapter.

Keywords: optical interferometry, Fourier transform interferometry, integrated
optics, photonics, integrated optical sensors, Mach–Zehnder micro-interferometers,
MEOS sensing devices

1. Introduction

There is a growing interest in finding detection technologies enabling real-time
and on-line monitoring of many elements having remarkable, (in some cases dra-
matic), impacts on our everyday lives. Consequently, a huge effort has been devoted
to designing and building instruments with capabilities that would not even be
thought of a few years ago. Nowadays are required instruments to analyse many fields
of high interest ranging from environmental pollutants or pathogens in air and water,
up to the Security and Safety in the urban ambient or in the logistic chain of food
production and transport, as well as many other applications.

In most cases, the realisation of this kind of device involves analytical techniques
that should avoid chemical reactants, difficult to be used outside specialised laborato-
ries. Moreover, the device has to be routinely applied by almost untrained people that
should also be able to read and understand the measurement result. At the same time,
the analytical equipment must be self-contained and available at a very low cost.
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Nowadays, the only available solution suitable to satisfy the whole of these
requirements is to develop highly miniature integrated equipment to allow mass
production using technologies likewise the planar technologies driven by the devel-
opment of microelectronics. At the present state of the art, most of these requirements
can be satisfied when it is possible to develop sensing techniques belonging to the
family of the optical integrated microdevices.

Optical detection can concern different properties of light such as Intensity, (in the
case of photometric analyses), Wavelength, (in the case of spectroscopic analyses),
Refractive Index, (in the case of Index change due to the presence of the analyte
molecules at the Sensor Surface), etc.

A large variety of optical and photonic microdevices, based on interferometric,
energy dispersive elements, photonic micro and nanofluidic devices, has been
designed, studied and reported in the literature [1–6].

The development at industrial quality level of active optical materials, (particularly
Lithium Niobate, LiNbO3), joined to the use of planar technology, has allowed the
fabrication of monolithic integrated optical microdevices having sensing capabilities
comparable to the correspondent standard laboratory equipment.

As highlighted in the next paragraphs, IO and Photonics microfabrication tech-
niques, offer the possibility to generate in monolithic and miniaturised systems,
nearly all the equivalents of classical optical components (mirrors, splitters, com-
biners, phase shifters, etc.). Furthermore, such IO components can be integrated into
and interfaced with guided wave circuits, such as integrated optical waveguides and
optical fibres. These characteristics often strongly simplify all issues related to optical
alignment and maintenance, the flow of the luminous signal, carrying the informa-
tion, being firmly confined within fixed and well defined optical channels. In the
following an overview of the characteristics and potentialities of IO devices is
presented, in particular for a wide range of interferometric sensing applications.

2. Basic principles of IO for interferometric sensing

The basic element of any Integrated Optic device is the optical waveguide that can
be generated by tailoring the refractive index (n) in the near-surface region of the
base material. It must be remembered that the light transmission is confined in the
regions where the refractive index is higher than in the surroundings.

Several techniques have been developed to obtain local variation of the refractive
index creating the possibility to obtain an integrated optical waveguide. In this chapter,
we will only mention some of the most common techniques used for LiNbO3 substrate,
which is one of the most used materials in optical device fabrication. One possibility is
to use local doping processes obtained by photolithographic definition of the desired
waveguide geometry associated with the dopant thermal diffusion (typically, Ti diffu-
sion or Proton exchange processes), to increase the refractive index in the doped region.
Alternatively, it is possible to create a waveguide by lowering the refractive index of the
base material in the regions outside the waveguide introducing lattice damage through
ion bombardment. A third possibility is to pattern the surface with the desired geome-
try, and etching the surrounding region to obtain a ridge waveguide protruding from
the surface. Figure 1 reports a sketch of the two geometries.

In general, the geometries of the integrated microsystems are designed to repro-
duce the same physical effects obtained by optical instrumental architectures created
in laboratory, assembling several optical elements like mirrors, beam splitters, etc.
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Probably, the most frequently used integrated micro-spectrometric devices are
based on the Mach-Zehnder Interferometric, (MZI), geometry [1–4] or on Young
Interferometer, (YI) or, more recently, on the Staircase Micro Diffractive Gratings,
(MDG) first developed by Michelson [5].

All these devices take advantage of the Electro-Optic properties of the LiNbO3

substrate. In fact, the optoelectronic properties of the substrate allow to locally con-
trolling the refractive index of a waveguide by applying a suitable electric field, so
creating a Pockels cell that induces a phase modulation in the light transmitted in the
specific waveguide (See Figure 2).

In particular, it can be useful to recall that, in the case of spectroscopic analysis
techniques, the wavelength-dispersive systems, such as prisms or gratings, spatially
spread the light wavelengths at different angles allowing the direct measurements of
the relative intensities, (wavelength spectrum), by using suitable photodetectors at
the corresponding angles.

On the contrary, in the Fourier Transform Spectroscopy the intensity of the total
light beam that contains the whole ensemble of wavelength, at the same time, is
measured. In this case, the measurement with a traditional Mach-Zehnder instrument
is performed by splitting the light beam into two branches that are then recombined
giving rise to an interference pattern. The light intensity of the recombined beams is

Figure 1.
Two basic geometries of integrated optics waveguides: (a) buried waveguide, (b) ridge waveguide.

Figure 2.
Integrated version of a Pockels cell to be used as a phase modulator.
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measured as a function of the phase shift, generated by the respective different optical
path-lengths l = nL, where n is the refractive index and L is the geometrical path
length.

Figure 3(a), reports a typical example of Mach-Zehnder equipment, whereas
Figure 3(b) is shown the equivalent device fabricated with planar technology. Fol-
lowing the optical interference laws, the intensity measured by the photodetector
(PD) depends on the phase shift between the two optical paths. Inducing a variation
in the optical paths, l, of one of the two arms the phase shift changes and, in turn, the
correspondent variation of the light intensity is measured by the PD.

3. Photonic integrated interferometers for chemical and biological sensing

Actually, due to the relatively simple design, the Mach-Zehnder Interferometer,
(MZI), is the most adequate configuration for the monolithic fabrication of integrated
optics microsensors. In fact, this structure is particularly suitable for sensing problems
as it can combine high resolution and high sensitivity performances together with an
excellent insensitiveness on mechanical vibration or other environmental effects.
Many applications of optical sensors based on MZ interferometer have been reported
in literature, both in the case of already cited Fourier Transform, (FT), and spectros-
copy. In the case of Bio-chemical analyses, the phase shift between the electromag-
netic waves propagating in the two arms of the MZI is generated by the adhesion of
the analyte molecules on the surface of one (sensing) arm that has been left uncovered
by the cladding protecting the whole device from the environment [4–6]. The work-
ing principle, in this case, is based on the optical path variation, Δp = ΔnL, generated
by the change of the refractive index in the uncovered sensing arm, having a length L.
A relatively limiting factor of this instrumental architecture is originated from the

Figure 3.
Upper: Traditional Mach-Zehnder interferometer geometry. The light beam first crosses the BS1 beam splitter then,
through the M1 and M2 mirrors, the two light beams are recombined in BS2 and then arrive in the photodetector
PD. lower: Equivalent integrated optic device: The voltage applied to the electrodes controls the phase shift in the
light beams propagating in the two arms.
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need for a relatively large value of the sensing interferometric arm L, to have a good
sensitivity of the device. Moreover, to obtain the best performances of an MZI in
terms of sensitivity, requires working with monochromatic light, for this reason, it has
been suggested [6] to design a hybrid detection architecture, specifically oriented to
biochemical applications, allowing both high sensitivity and a high selectivity in the
case of multi-analyte detection. This performance can be obtained by integrating an
MZ interferometer with a spectrum analyser and using a multi-wavelength ‘white’
light source to distinguish the spectral ‘signature’ of the different species. Figure 4 is
redrawn the device originally suggested in Ref. [7].

As previously anticipated, when the monolithic interferometer is fabricated on
Electro-optic material, typically LiNbO3, the phase shift can be generated by
exploiting the Pockels effect to modify the refractive index in one of the two arms,
through the application of an electric field using two electrodes placed in a suitable
position close to the optical waveguide (see Figure 3(b)).

If a continuous variation of the phase shift is generated, it is realised a so-called
scanning interferometer and the whole set of intensity data measured as a function of
the phase shifts gives rise to the so-called Interferogram. The Fourier Transform of the
Interferogram gives rise to the frequency spectrum of the light containing the spectral
information on the element to be detected [3, 4]. In the traditional instrument of
Figure 3(a) the scanning effect is usually produced by uniformly moving one of the
two mirrors giving rise to a corresponding optical path variation in one arm of the
interferometer generating the desired phase shift variation. On the contrary, in an
integrated microdevice, the scanning effect can be simply obtained by applying a
voltage ramp to the electrodes (see Figure 3(b)), without the need for moving parts.

The detailed description of the Fourier Transform Spectroscopy principle and the
detailed mathematical considerations have been extensively reported in a number of
articles and textbooks [2, 3, 6]. In this work, we only report a concise description of
the operation system of a scanning integrated MZI (see Figure 3(b)).

In order to achieve good spectral resolution, the scanning Interferometer needs
phase shifts suitable to produce interferograms of many tens of interference fringes.
This involves the need that the substrate material has an electro-optical coefficient as
high as possible. In our case, the output intensity is monitored as a function of the
optical path variation induced by a suitable variable electric field, applied to the arms.
The interferometric output Iout represents the Fourier Transform of the input spectral
distribution I(k) and is given by the following relationship:

Figure 4.
Hybrid MZI with a sensing pad in one arm integrated with a wavelength dispersive system [7].
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Iout Δpð Þ ¼

ð

I kð Þ 1þ cos 2πΔp kð Þð Þ½ �dk, (1)

where k = 1/λ is the wavenumber of the incident radiation, and Δp is the optical
path difference.

In our case, the optical path difference can be expressed by the linear relationship

Δp ¼ L Δn, (2)

where: L is the arm length, and

Δn ¼ r33 � ne
3 � E=2, (3)

where r33 is the linear electro-optic coefficient along the optical c-axis, ne is the
LiNbO3 extraordinary refractive index when x or y propagation is considered. Finally,
E is the electric field applied to the driving electrodes.

From Eq. (1) it appears that in the case of monochromatic light, the intensities
recorded by the detector, (i.e. the Interferogram), has a sinusoidal shape. In the real
case, we deal with quasi-monochromatic light and the MZI output are somehow
distorted as reported in Figure 5 in the case of the incident light generated by a diode
laser emitting in a narrow window around 635 nm.

When dealing with a wideband (‘white’) light, the conceptual behaviour is the
same. Even if the interferogram is remarkably modified and several corrections must
be applied to the over-simplified scheme previously reported [3], it is always possible
to perform the spectrometric analysis of the incoming light. Figure 6 reports an
example of a real case of E131 dye (Patent Blue) detection with an integrated MZI.

More recently, a new generation of integrated architectures has been suggested for
spectroscopic analyses, in particular the integrated monolithic version of the Young
interferometer (YI) and the integrated monolithic version of the Michelson’s (‘Echelle’)
Diffractometer. Figure 7 reports the sketch of the Young geometry in the integrated
version. In this case, the waveguides’ geometries are geometrically arranged like in the
MZI, the only difference is at the detection side that is here based on an arrayed detector.

A more recent architecture has been realised on the basis of Michelson’s echelle
grating that, when fabricated with electro-optic material (LiNbO3), becomes a Pro-
grammable Micro diffractive Grating (PMDG) extending the range of this kind of
micro-optical device to an extremely large field of applications. Figure 8 reports the

Figure 5.
(a) Raw signal detected during the scanning cycle, (interferogram) and (b) the Fourier transform of the
interferogram, giving the wavelength spectrum of the incident light.
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comparison between the original static diffractive grating proposed by Michelson and
the integrated PMDG, fabricated for high sensitivity detection systems based on the
correlation spectroscopy technique. In Michelson’s original device, the wavefront
portions emerging from the different steps crosses different glass thicknesses, so the
different optical paths acquire different phase shift as a function of the glass thickness
crossed. The different wavefront emerging from each step interfere with each other
giving rise to a far-field diffraction pattern that can be observed in far-field conditions
on screen S, of Figure 8(a).

If the integrated waveguides array sketched in Figure 8(b) is fabricated on electro-
optical substrate, it can have the same behaviour as the Michelson’s echelle device.

Figure 6.
Example of densitometry performed with an IO micro-interferometer on an E131 dye solution.

Figure 7.
Integrated version of the young interferometric geometry the far-field geometry for the detection of the modifications
of the interference pattern, originated by the analyte adhesion on the sensing pad in one of the two arms.
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In fact, each waveguide may have a different refractive index as a function of the
electric field applied to the electrodes so, each portion of the wavefront emerging
from each waveguide has a different phase and, in far-field conditions, they interfere
with each other generating a diffraction pattern like in the case of Michelson’s device.

The great difference between the two cases is that the device shown in Figure 8(a)
is static and the diffractive properties are fixed by the construction parameters,
whereas the PMDG device, the diffractive properties are programmable simply by
changing the voltage applied at each electrode. This feature enormously expands the
field of the applications of this Integrated Optics microdevice that can go far
beyond the sensing systems arriving to have implications in many strategic areas
such as optical fibre transmission, cryptography, quantum optic devices, optical
computing, etc.

3.1 Holographic correlation spectroscopy with PMDG device

Correlation spectroscopy architectures have been widely studied for at least 20�30
years and are now argument described in the textbooks [8�10]. Therefore, in the
present work, we will not enter in detail in the presentation of this technique and we
will take as a reference the ‘holographic correlation spectroscopy’ architecture [11]
treating in detail the subject of correlation spectroscopy in connection with the use of
computer-generated optical elements. In particular, we will consider the conclusion of
reference [11] when discussing the use of the PMDG to create synthetic spectra of
several compounds, some of which are of interest for Environmental control, Food
production and transportation, Bio-Chemical hazard, safety and security problems.

In particular, due to its programmability, the device can generate, at least in
principle, synthetic spectra of almost any analyte of interest. The PMDG may have
hundreds of diffractive elements in very small overall dimensions and, with the
suitable software, it can generate a digital library containing the synthetic spectra of
plenty of molecules. When the PMDG is exploited in this architecture, the sensing
instrument described here can be considered as an example of a new sensor concept,
in fact, in traditional instruments, the optical spectrum processing is determined by
the correlation between the light transmitted through an unknown sample and the
light transmitted through a reference cell containing a known mixture of the chemical
molecule to be detected. In this case, due to the PMDG properties, the optical

Figure 8.
(a) Michelson’s echelle diffraction grating. (b) Integrated programmable diffractive grating (PMDG) based on
LiNbO3 substrate.
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spectrum processing is based only on the correlation between the light transmission
through an unknown sample and the data of a digital library. This trait greatly
increases the sensor flexibility if compared with other recent instruments in which the
spectrally dispersed light is delivered onto a coded mask to provide spectral filtering
of the sample spectrum light [11].

In conclusion, this new sensor is particularly suited for safety and security appli-
cations because it avoids the use of a reference cell containing reference materials that
can be difficult and hazardous to handle, in the case of detection of dangerous,
poisoning, or explosive targets. Furthermore, it allows great flexibility if compared
with the coded mask filtering described in Ref. 11, because the number of molecules
that can be detected is now only limited by the wavelength transmission window of
the electro-optic material used as a substrate for the PMDG device and by the sensi-
tivity range of the detector used. Finally, exploiting during the data collection the
dark-field correlation technique, it can be obtained a remarkable increase in the
sensitivity of the whole system. In fact, by using shrewdness to construct the refer-
ence synthetic spectrum to be the complement of the target transmission spectrum,
the signal-to-noise ratio becomes very large. Actually, with this shrewdness, all the
wavelengths different from those matching the absorbance of the target, are blocked
creating a programmable filter that allows the transmission of only a very small
fraction of the incident light in correspondence of the desired wavelengths exclu-
sively. So, when the spectral absorption lines match the planned transmission com-
plement it is obtained a very large signal-to-noise ratio, allowing extremely high
sensitivity detection.

The architecture of ‘holographic correlation spectroscopy’ is schematically
reproduced in Figure 9, is particularly simple and takes advantage of the intrinsic
PMDG flexibility and reconfigurability features. In the geometry of Figure 9, a
broadband ‘white’ light coming from an external source crosses, (one or several
times), a sample cell containing the analyte to be investigated. Then the radiation
crosses the PMDG optical element, placed in transmission architecture. In the present
case, the external broadband light source could cover the whole transparency range of
the LiNbO3 base material ranging from 0.450 μm to 5.5 μm.

The wideband radiation coming from the external source is then transmitted
through the PMDG device and precisely defined by the ensemble of the programmed
driving electrical potentials applied to the different waveguides. The degree of corre-
lation between the sample cell spectrum, (unknown), and the synthetic spectrum

Figure 9.
Schematic of a holographic correlation spectrometer set-up including the PMDG which acts as the reference cell.
The light coming from a broadband source passes through the measurement cell which contains the unknown
analyte. The diffraction pattern generated by the PMDG at the diffraction angle ϑd is perfectly matched to the
spectrum of the target compound within the measurement cell.
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programmed through the reference (PMDG) cell is then measured on a photodetector
placed at a suitable diffraction angle ϑd.

To increase the sensitivity and the selectivity of the set-up, the usual techniques
can be adopted, in particular: (i) Lock-in techniques are applied by modulating the
transmission spectrum through the PMDG and recording the detector output at the
same modulation frequency or/and (ii) Darkfield technique, i.e. applying a suitable
map of the driving electrical potentials, the PMDG can be configured to synthetize the
complement of the real target to be analysed, so obtaining a much larger signal-to-
noise ratio and a consequent remarkable increase of both sensitivity and selectivity of
the detection system.

3.2 Synthetic spectra generation mathematical approach

The key point in the programming of a waveguide-based PMDG for a synthetic
spectra generation is the determination of a driving voltage pattern able to introduce
the required phase shifts on each of the M waveguides, (Typically M can range from
50 to 200 waveguide/cm). In this way, the electromagnetic radiation emerging from
the output face of the grating will generate the desired synthetic spectrum at a
predetermined diffraction angle ϑd.

In this section, a mathematical framework for the specific case in which the
functional elements are electro-optical waveguides is presented and discussed [12].

Under the hypothesis of working in the Fraunhofer approximation, the diffracted
field at an angle ϑd, (see Figure 9) can be described by the following Fourier-
transform integral:

U ϑd, λð Þ ¼

ðþ∞

�∞

ðλ2

λ1

CA

λ
U0 x, λð Þ exp �

i2π sin ϑdð Þ

λ

� �

dλdx (4)

where C is a constant of proportionality, A is the amplitude of the incident wave,
supposed to be independent of the wavelength λ and x is the spatial transverse
coordinate of the PMDG output facet whereas, λ1 and λ2 are the lower and upper limit
of the spectral band of interest, respectively (Figure 10).

In Eq. (4), U0(x, λ) is the near-field distribution emerging from the output facet of
the PMDG. For a grating with M waveguides of width W and periodicity P, this
distribution can be described by the following expression:

U0 x, λð Þ ¼
X

M

m¼1

exp �
i2πL

λ

� �

Vmγ

d

� �� �

exp �
x�mP� P=2ð Þ2

W
2

� �2

 !

(5)

Figure 10.
Framework for the solution of the PMDG diffraction problem.
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where L is the electrode length, d is the device thickness, Vm is the voltage
applied to the m-th waveguide and γ is a constant depending both on the electro-
optical characteristics and the crystallographic orientation of the substrate. In
Eq. (5), the first exponential term of the summation describes the phase shift
induced on the m-th waveguide by the local driving voltage Vm, whereas the
second exponential term describes the mode profile emerging from each waveguide
that, as a first approximation, is supposed to follow a Gaussian shape. Eq. (5)
clearly shows how the local phase of the field emitted by the grating and,
consequently, the diffracted pattern at angle ϑd, can be controlled through the
application of a suitable set of M potentials Vm=1, … , M. The PMDG design and
programming procedure is therefore reduced to the determination of a suitable
voltage pattern, which minimises the difference between the target spectrum of
interest and the synthetic one calculated with Eqs. (4) and (5). The difference
between the target and the synthetic spectra can be quantified by introducing an
error function ℇ of the form:

ℇ ¼ √
XN

n¼1
ðIn

d � InÞ
2 (6)

where In = |U(λn)|
2 is the intensity of the target spectrum and In

d is the diffracted
intensity spectrum at the considered diffraction angle ϑd, both evaluated over the
same set of N wavelength within the spectral range of interest. Once this error
function has been defined, the PMDG programming procedure reduces to the opti-
mization problem of finding the minimum of ℇ with respect to the control parameters
(V1, V2, … VM). By setting K = Lγ/d we can write, Dm =K Vm and the new variables
(D1, D2, … DM) have the dimension of a length, so eachDm value considers the optical
path differences, the different waveguides.

This is physically equivalent to introducing a programmable phase-shift offset in
the first term of Eq. (5). Then, the actual voltage pattern to apply to the different
electrodes of the PMDG is calculated from the Dm values, resulting from the optimi-
zation routine, once the technological parameters have been defined.

For the solution of the multivariable optimization problem, several numerical
approaches have been proposed and implemented so far, in particular, iterative
Fourier Transform phase-retrieval algorithm [12], genetic algorithms [11] or
gradient-based multi-variable minimization routines [13]. The Nelder–Mead Simplex
Method [14] demonstrates to be extremely effective providing a monotonic and rapid
convergence to the minimum of the error function ℇ. Moreover, the numerical
implementation of this method is available in the most common scientific
computation libraries.

An example of synthetic spectrum created with the numerical method of
reference [14] is reported in Figure 11 where a portion of the COCl2 spectrum has
been reconstructed in the hypothesis of a PMDG havingM = 50 waveguidesW = 8 μm
and pitch P = 80 μm. The experimental absorbance spectrum is shown in
Figure 11(a), whereas the calculated synthetic one at the optimal diffraction angle ϑd
of 3.75 degrees is presented in the (b) panel of the same Figure. The (c) panel
shows the optimised parameters set Dm calculated with the numerical routine
that, once introduced in (2), generates the synthetic spectrum displayed in (b).
The agreement between the two spectra is remarkable over the entire
wavelength range of interest, confirming both the effectiveness of the PMDG
device and of the numerical optimization routine adopted to retrieve the program-
ming pattern.

11

Integrated Optics and Photonics for Optical Interferometric Sensing
DOI: http://dx.doi.org/10.5772/intechopen.103770



4. Integrated interferometers for ghost imaging in the spectral domain

The Ghost Imaging, (GI) phenomenon is based on the spatial correlation of light to
form images and, since the early pioneering work in 1995, several experiments on the
argument have been presented [15–18]. The GI is obtained by correlating the intensi-
ties of two spatially separate light beams, one of the two light beams illuminates an
object to be imaged. The second beam, which does not see the object, (reference
beam), if it is detected with a position-sensitive sensor, gives rise to the spatial image
of the object created by the non-interfering photons.

Besides the GI in the space domain, another kind of ‘ghost experiments’ were
performed in the frequency (Spectral), domain [19–21]. It must be pointed out that in
Ref. to [20], thes kinds of experiments were performed using a classical thermal light
emitted by a broad-band superluminescent diode. These experiments allowed to
exploit real spectroscopy measurements detecting spectral lines of chemical molecules
like CHCl3 [20] and the spectral lines of Er3+ dopant [21] in LiNbO3 non-linear
material placed in one arm of an Asymmetric Non-Linear Interferometer, (ANLI).
These preliminary approaches to experimental spectroscopic sensing demonstrate that
a new field of sensing can be opened exploiting effects such as ‘ghost spectrometry’.
These new sensing techniques can allow extending the sensing limits of the traditional
detectors and performing spectrometric measurements with non-interacting photons.

Before describing the experimental procedures, of ghost imaging in the frequency
domain, let us give a rapid oversimplified description of the basic principles of the
‘ghost’ phenomena. In Ref. [22], this architecture was studied in detail and it was
concluded that it gives rise to a condition that is often referred to as maximally
entangled states of a two-mode field. If the two modes are physically separated like in
the case of the arms of an MZI, we are in presence of separate path-entangled states
that can have important applications to interferometry and interferometric analyses.

In particular, considering the case of a coherent intense light beam injected in an
integrated MZI, the photons are spatially confined in geometrically separated single-
mode waveguides, where they have a very high spatial and time coherence [22].
Moreover, the photon density inside the waveguides can reach values that are orders
of magnitude higher than in the case of free space propagation. In these conditions, an
integrated optical device is particularly suitable for both practical applications and
basic quantum optics studies.

Figure 11.
(a) Experimental absorbance spectrum of gaseous phosgene (target spectrum T) and (b) PMDG-synthetized
spectrum of the same analyte (synthetic spectrum S). (c) Values of the optimised Dm (m = 1. .,50) control
parameters.
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The integrated version of an ANLI, used to obtain ghost imaging in the frequency
domain [23], is schematically reported in Figure 12 as taken from reference [21].

In that case, the ANLI was not built as a monolithic device but was realised in a
hybrid set-up in which the 980 nm Laser source was injected in a 50:50 Y coupler
single-mode optical fibres. One arm was coupled with an Er3+ doped LiNbO3 mono-
lithic waveguide, whereas the other arm was coupled with a monolithic Pockels phase
modulator as the one shown in Figure 2. Then the MZI geometry was completed by
coupling the two arms with an identical second optical fibre Y coupler. Finally, the
injected 980 nm photons arrive in the photodetector passing through a (975 � 25) nm
pass-band filter that eliminates all the photons generated by the interaction of the
980 nm pump with the Er3+ doped nonlinear LiNbO3 arm. In any case, the photons
generated by the interaction in the doped arm can only give rise to a continuous
background because they cannot contribute to the interference process due to the
‘Which Way’ criterion.

The principle of the experiment was based on the Quantum properties stating that
two Fourier Transform pairs are conjugate variables. So, operating a Fourier Trans-
form in the time-frequency space-domain, it is possible to get information on the
wavenumber space-domain of the 930 nm pump photons annihilated, (generating up
or down-conversion), as a consequence of the pump photons interaction with the Er3+

doped nonlinear LiNbO3. This intriguing effect takes place when the doped material is
placed in one arm of the ANLI and the photodetector do not even see the photons
generated by up or down-conversion in the doped arm.

The spectroscopy experiment was performed by injecting the 980 nm laser beam
in the input port ‘a’ of Figure 12. A fraction of the pump 980 nm photons is absorbed
by the Er3+ dopant, giving rise to a series of up and down conversions having a widely
studied spectral composition as reported in literature. Then, a linear voltage ramp is
applied to the undoped arm of the ANLI producing a continuous phase shift variation
between the photonic states entangled over the two optical paths of the ANLI. The
pass-band filter ensured that only the 980 nm pump photons could reach the detector.
The experimental data were collected detecting the intensity of transmitted photons
as a function of time (i.e. of the phase shift), giving rise to the raw interferograms

Figure 12.
Schematic of the experimental layout. The ANLI is used in [21].
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shown in the inserts of Figure 13(a) and (b). Then, the raw interferograms were
elaborated by the usual methods used in Fourier Transform Spectroscopy [18, 24].
The same measurement was first performed by using an InGaAs photodetector having
a detectability window extending up to wavelengths of 2.5 μm (in the SWIR region).
The measurement was then repeated using a Si p-i-n detector that is ‘blind’ at wave-
lengths λ ≥ 1.1 μm. The results of the two experiments are reported in Figure 13(a)
and (b), respectively.

In Figure 13, the two spectroscopic measurements of the Er3+ energy levels
performed with an In GaAs p-i-n photodetector, (Figure 13(a)) and with a Si p-i-n
photodetector, (Figure 13(b)) are comparatively reported.

The complete Er3+ Spectrum extending form visible to SWIR wavelengths was
obtained reporting most of the spectral lines as listed in the literature.

The difference in the amplitudes can be attributed to the different sensitivities of
the two detectors. Moreover, as previously clarified, only the 980 nm monochromatic
pump photons that have not interacted with the Er3+ doped crystal can reach the
detector. In fact, the 980 nm photons that interacted with Er3+ are annihilated, giving
rise to the up or down-conversion photons that are eliminated by the (975 � 25) nm
passband filter.

Figure 13.
Spectra obtained by Fourier transform analyses with the setup of Figure 12 (see text).
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In conclusion, with the ANLI integrated architecture reported in Figure 12, the
Er3+ spectral lines appeared independently of the different sensitivity of the used
detectors also over the whole SWIR, where the Si p-i-n detector is ‘blind’. Considering
that, due to the passband filter, only the non-interacting monochromatic photons
have reached the detectors, we can say that the Er3+ spectral lines are ‘ghost’ lines
produced by the separate path entangled states correlation [22] generated in the two
arms of the interferometer.

The previously described results give a strong indication that, by using ‘ghost
imaging’ in the frequency domain, it is possible to develop a new generation of
integrated interferometric instruments, (most likely based on the ANLI architecture
of Figure 12), having the capability to work with interaction-free photons. This allows
extending the spectral measurement remarkably beyond the photodetector sensitivity
limits, in particular in spectral regions where the photodetectors are not available or
have too low sensitivity. In particular, some preliminary contacts indicate that this
effect is of strong interest for several applications, with particular attention to astro-
physical applications.

5. Integrated optics interferometry for astrophysics

5.1 Stellar interferometry with integrated optics

Optical long baseline interferometry is a technique that is undoubtedly providing
high angular resolution observations in optical astrophysics. Fizeau in 1868 [25] was
the first to attempt using interferometry for astronomical observations, without
reaching the wanted result, eventually proposed and revised by Stéphane in 1874 [26].
Nevertheless, only in 1921, Michelson and Pease [27] first succeeded in measuring
stellar diameters with a single telescope equipped with a pupil mask. The schematics
and characteristics of their apparatus are reported in Figure 14. Unfortunately, their
interferometer was not that sensitive to allow further investigation. In fact, a 1.0
milliarcsecond diameter on the sky translates to 0.5 μm in optical path difference
(OPD), on a B = 100 m baseline (see Figure 14).

In practice, modern direct interferometry only started in 1975 with Labeyrie [28]
who produced stellar interference with two separated telescopes.

Modern long baseline interferometry requires the combination of several stellar
beams collected from different apertures (telescopes). The first interferometers
started working with only two apertures, such as GI2T [29], SUSI [30], PTI [31],
IOTA [32], COAST [33] and NPOI [34, 35]. The increase in the number of apertures
was one of the major features of new generation interferometers. Today, the principal
operational interferometric observatories, which use this type of instrumentation,
include VLTI [35–45], and CHARA [37].

Current projects are using interferometers to search for extrasolar planets, either
with nulling techniques, by astrometric measurements of the reciprocal motion of the
star or through direct imaging.

In Figure 15, the geometry of the ideal interferometer is reported. Let us specify the
incident source flux power F in units of energy incident per unit time per unit cross-
sectional area, and the collecting area of the apertures A1 and A2 as A. Then, apart from
some efficiency factors, the detected power P expresses as per the following:

P ¼ 2AF 1þ cos k s ∗Bþ d1 ∗ d2ð Þð Þ, (7)

15

Integrated Optics and Photonics for Optical Interferometric Sensing
DOI: http://dx.doi.org/10.5772/intechopen.103770



where k = 2π/λ, s is the unit vector normal to wavefront propagation and B is the
baseline vector between the two apertures.

In the space of relative delay D = s* B + d1 * d2, P varies harmonically between zero
and 2AF with period λ. It is important to recall that for conventional imaging, the
limiting angular resolution α follows the well-known relationship α� λ/D, (where D is

Figure 14.
(a) Scheme of the two slits mask experiment from Michelson and Pease. A star, with an α angular diameter, is
imaged after its light passes through a double slit mask, with B as the slit distance. An interferogram appears as a
function of the optical path difference (OPD), with the first minimum at OPD = λ/2, where λ is the wavelength of
the impinging light. The fringes disappear when the OPD overcomes the source coherence length, e.g. (b) and (c)
show different coherence length interferograms.

Figure 15.
Ideal stellar interferometer schematics.
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the telescope pupil diameter and λ is the wavelength), therefore, in comparison, an
interferometric system provides the measure of interference fringes between two
beams at higher angular frequencies, in the order of α � λ/B.

The complex visibility of these fringes is proportional to the Fourier transform of
the object intensity distribution (Van-Cittert Zernike theorem), hence allowing to
resolve particulars, very narrow from the angular point of view. Following these
principles, stellar interferometry is offering to present days astronomers the ability
to study celestial objects in unprecedented detail. It is possible to see details on
the surfaces of stars and even to study celestial bodies close to a black hole [46]
(Figure 16).

Stellar interferometry has become even more effective due to the advent of high
sensitivity detectors and of large aperture telescopes. Nevertheless, to implement it, a
complex system of mirrors has normally to be set up to bring the light from the
different telescopes, constituting the synthetic aperture, to the instruments, where it
is combined and processed (see scheme in Figure 17). This is technically demanding,

Figure 16.
(a) Conventional star image, (b) same with two telescopes stellar interferometry having baseline B = 10D, and,
(c) corresponding interference pattern profile.

Figure 17.
Schematics of IO apparatus required for two telescopes stellar interferometry. Light from the same source collected
by telescopes 1 and 2 is injected in 2x2 IO beam splitters/combiners 1 and 2, respectively. One output port of each
combiner is used to perform photometric adjustment whereas the second ports are combined in a third IO 2x2 beam
splitter/combiner, at which output ports the interferometric signal is collected and processed.
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as the light paths have to be set equal to within 1.0 μm over distances of a few hundred
metres, in order to avoid an OPD offset out of the coherence length.

For ground-based interferometers, the source phase is corrupted by atmospheric
turbulence. This prevents an absolute measurement of the source phase. However, it
is possible to measure the difference in the source phase between two wavelengths. In
practice, stellar interferometry requires star tracking techniques to compensate for
astronomic seeing due to atmospheric turbulence.

In recent years, integrated optics and photonics technology, inherited from the
telecom field and micro-sensor applications, was proposed for astrophysical interfer-
ometry. Results obtained with components coming from micro-sensor application
were first presented by Berger et al. in a seminal series of dedicated works [38–44].
These authors demonstrated the validity and feasibility of the integrated optics tech-
nology for astronomical interferometry, by using telecom fibre coupler/combiners.
Following a complete laboratory characterisation of the optical properties of the
applied IO components, a first set-up was tested at the Infrared Optical Telescope
Array (IOTA) observatory, in Arizona.

The above-mentioned studies demonstrated that beam combiners are very stable
and lead to precise measurements. Moreover, IO components are versatile and easy to
handle. In particular, the number of optical alignment adjustments strongly simplifies,
which dramatically reduces the complexity of multiple-beam combinations for aper-
ture synthesis imaging (Figure 18).

Other examples of IO based stellar interferometers are present by the VLTI, where
the VINCI apparatus, based on IO beam combiners and fibre optics components, has
allowed astronomers to reach the unprecedented resolution of 4.0 milliarcseconds in
sky observations [46].

5.2 IO Mach-Zehnder micro-interferometers for earth and space remote sensing

Absorption or emission spectroscopy is largely adopted for remote sensing in both
Earth and Space exploration, on board dedicated satellite platforms.

In this case, all general resources (weight, encumbrance, energy consumption,
etc.) are particularly limited, furthermore, the onboard instrumentation is exposed to
harsh environmental conditions (vibrations, ultra-high vacuum, radiation, tempera-
ture gradients, etc.). For these reasons, IO devices can represent a very important
solution, particularly when based on monolithic structures (Figure 19).

Integrated scanning micro-interferometers with Mach–Zehnder geometry, have
been designed and produced by using MEOS (Micro Electro Optical Systems)
technologies.

Figure 18.
(a) Fibre pig-tailed IO y-branch mounted on mechanical support, (b) SEM picture of the IO Y-junction, allowing
beam splitting as well as fibre signal combining.
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The obtained micro-devices are based on integrated optical waveguides on LiNbO3

(LN) crystals, electrically driven, without moving parts, by exploiting the electro-
optical properties of the material. These IO devices are Fourier Spectrometers in that
they operate the Fourier Transform of the input radiation spectral distribution, which
is eventually recovered starting from the output signal by means of Fast Fourier
Transform (FFT) techniques.

Such micro-interferometers weigh a few grams, require a power consumption of a
few mW and, in principle, can operate in the whole LN transmittance range
(0.36 μm–4.5 μm).

In the literature several works have been reported [12, 47, 48] describing the
development of a whole series of micro-interferometric apparatuses, demonstrating in
principle the applicability of IO MEOS technology for Space exploration and Earth
remote sensing. The micro-interferometers were produced on x-cut LiNbO3 single-
crystal substrates, by applying non-conventional micromachining techniques, based
on high-energy particle beams processing.

Performances were particularly tested in the 0.4 μm–2.5 μm spectral window, with
some extension also in the 2.5 μm–4.5 μm range. In the Visible region 0.4 μm–0.7 μm
this microsystem demonstrated a spectral resolution suitable for detecting the

Figure 19.
(a) Carbon fibre telescope integrating three IO micro-interferometers. (b) Detail of an integrated MZ micro-
interferometer equipped with front-end optics, readout electronics and packaging, ready to use (the overall package
length is 12 cm).

Figure 20.
(a) Solar radiation interferogram, (b) corresponding FFT (solid), reference (dot).
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characteristic lines of the solar spectrum together with the absorption bands of com-
mon gases present in Earth’s atmosphere (see Figures 20 and 21).

6. Conclusions

Recent developments of Integrated Optics and Photonics components allow
implementing complex, rugged, robust and miniaturised interferometric systems,
which applications span all the fields of sensing interferometry also including the
possibility of upcoming quantum effects applications, already shortly mentioned in
paragraph 4. In this work, a general overview of the present state of the art was
presented, with the intention to stimulate the interests of investigators and
researchers operating in multidisciplinary contexts and in general in all fields of
sensing and analytics.
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Figure 21.
(a) Raw interferogram as obtained from an integrated scanning MZI, and (b) the absorption analysis of the NO2

analyte, (lower curve), introduced in a wide band light (upper curve).
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