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Sensors basically convert the information on some quantity in a given physical or the
chemical energy domain, the so-called measurand, into another physical energy
domain, the so-called target domain. Depending on the task of the system of which
the sensor is part, the information may then be processed for analysis, transmission or
recording, actions which in turn may instigate the execution of further actions. Usually
these subsequent manipulations are best and most easily performed in the electrical
domain, which explains why this is often the target domain. A single-stage
transduction of information into the electrical domain will not always be feasible, or
sufficiently accurate, or even desirable. In some cases, therefore, a multiple-stage
transduction scheme is used, in which the first stage is formed by transduction into
some intermediate physical domain. An intermediate physical domain that exhibits
particular and interesting properties, and in which even some signal processing can be
performed, is the optical domain. There are many useful physical cross-effects that
involve the optical domain (e.g. electro-optic effect, thermo-optic effect, mechanooptic effect, chemo-optic effects).
This thesis deals with a class of optical sensors in which the information is coded in
the phase of a lightwave. By means of optical processing, using the interference of the
phase-coded lightwave with a reference lightwave, the optical phase coding is
converted into an optical power distribution coding, which in turn is finally transferred
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to the electrical domain by means of photodetection. This process is also known as
interferometry. Roughly speaking, the thesis addresses the actions that must be
performed on the information, after it has been coded in the optical phase, to represent
it unambiguously (preferably as a digital number) in the electrical domain. The
required actions constitute what is called the interrogation of the optical sensor.
The optical sensor and the electronic circuitry are to be realised on a planar substrate
using the technologies of integrated optics and micro-electronics respectively.
Eventually this may lead to the design and realisation of an advanced miniature
sensing system.
In the next sections of this chapter we shall introduce this multidisciplinary subject by
considering the constituting ingredients, i.e. integrated optical sensors (section 1.1),
and miniature sensor systems (section 1.2). In section 1.3 we shall motivate the work
and state its objective. Finally, an outline of the thesis is given in section 1.4.

1.1 INTEGRATED OPTICAL SENSORS
Light is energy that propagates in three-dimensional space in the form of transversal
electromagnetic waves. A characterisation of a beam of light may involve, among
other things, its direction of propagation, its colour (wavelength- or frequencydistribution), its intensity distribution in a plane perpendicular to the propagation
direction, its polarisation, and its phase. In principle all of these optical quantities can
be utilised as carriers of information. In general the information can be impressed on
the optical carrier either in the light generation process or by modulation of existing
light. The corresponding sensors are of the generating type and modulating type
respectively.
Specific measurement situations in which optical sensors are preferred to other
sensors (transducing the measurand directly into the electrical domain) can be
understood from some important properties of light.
1) Electromagnetic immunity, which enables operation in EMI hostile environments,
2) Electrical passivity, which allows operation in situations where there is a risk of
explosion,
3) Inherently high sensitivity to many measurands.
1.1.1 Optical waveguide sensors
One crucial difficulty encountered with free-space optical systems is the control of the
propagation path. The requirement for accurate and stable alignment of the optical
components tends to make these systems expensive, voluminous and ponderous. The
mechanism of optical waveguiding, in contrast, provides the opportunity of
implementing optical propagation paths which are stable, yet flexible, and which may
be of considerable complexity, though without occupying much space. In addition,
modulation can be applied by simple, but accurate, means. It is because of this, that
optical waveguide sensors are of particular interest in applications where size, weight,
cost, stability, and maintainability are of considerable importance.
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Fibre-optical sensors

Glass fibres, nowadays routinely used in high-capacity optical communication
networks, are probably the best-known optical waveguides. Large-scale investments in
research and development of optical and electro-optical components and technology
for telecommunications has been strongly beneficial for the achievements of research
into fibre-optical sensors. Research on fibre-optical sensors began in the early
seventies. The variety of optical transduction mechanisms and, correspondingly, the
number of possible measurands is overwhelming [24].
Some interesting applications where fibre-optical sensors have found a definite place,
include rotation sensing using the Sagnac interferometer [6], acoustical detection
using the fibre-optic hydrophone [4], distributed temperature sensing [178], smart
structures [32,33,34], multiplexed point-sensor networks [29,30]. Current work on
fibre-optical sensors is for a large part focused on engineering proven sensing
principles into competitive (commercial) sensing systems [7].
Integrated optical sensors

The start of research on integrated optics dates back to the end of 1969 [124]. As with
fibre optics, initially applications were mainly conceived in the fields of optical
communications and some in optical computing. In the beginning integrated optics
exploited the properties of expensive materials such as the electro-optic effect of
LiNbO3. Research over the past decades has yielded the prospect of integrated optical
technology, based on cheap materials such as polymers, glasses and silicon-based
materials. Fabrication methods are often based on, and similar to, those used in
microelectronic integrated-circuit technology.
As both integrated optics and fibre optics are based on the mechanism of optical
waveguiding, many of the possible sensing mechanisms are the same [26].
Nevertheless some specific properties of integrated optical sensors are absent or less
pronounced with fibre-optical sensors. These include
1) Mechanical ruggedness (yielding high stability of functions),
2) Compactness, possibly allowing the integration of multiple sensors (arrays) with
different selectivities on the same substrate, or for measuring spatial distributions
(gradiometer),
3) Flexibility in the choice of materials and material combinations,
4) The possibility of integration with microelectronic and other micro-technologies
(e.g. micro-mechanics) for increased functionality,
5) The possibility for a higher level of standardisation of a basic sensing system, with
modularity in the selectivity for certain (e.g. chemical) measurands,
6) Provided that large quantities are desired, there is a potential for cheap and
flexible batchwise mass production, resulting from the use of deposition
techniques and photo-lithographic methods, as in IC-technology.
Examples of measurands for which IO sensors can or have been applied, include (bio-)
chemical substances and gases [14,128,127,137,143,148], mechanical displacement
using Michelson interferometers [130,136,141,145,132], vibration [135,146], velocity
[131], acceleration, rotation [126], strain, stress, force, pressure [140,142], acoustical
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signals [139], electrical fields [144]. Many of these IO sensors are based on
interferometry. To the author’s knowledge, displacement, velocity and biochemical
sensors [148] are commercially available. For a more detailed overview the reader is
referred to [151] and references given there.
Some general disadvantages of integrated optics must also be mentioned:
1) Relatively large longitudinal dimensions, up to some cms,
2) Hybrid coupling of an IO chip to light-sources and detectors, either direct or by
means of fibres, tends to be time consuming and costly,
3) Large investments are required for small series, although manufacturers, such as
Twente Micro Products, may be able to reduce this disadvantage by offering
standard processes to customers.
Optical interferometry

Optical interferometry can be seen as a signal-processing technique for phase
modulated optical signals. Its foundation was laid in the beginning of the 20th century
with the famous experiments of Michelson and Morley, in which interference was
used to measure the speed of light. The invention of the laser in 1958, had a great
impact on the further development of interferometry, as it constituted a source of very
intense light with extremely high temporal and spatial coherence [5].
Interferometry as a measurement technique is a broad subject. Classical applications
include the measurement of surface profiles, surface roughness and distance. The use
of waveguides in interferometers has brought about the advantage of stable alignments
and the possibility of remote operation (fibre) [25]. Planar waveguides on a substrate
allow the highest stability to be obtained.

1.2 MINIATURE SENSOR SYSTEMS
In the same way as the technology of optical fibres and components has influenced the
field of fibre-optical sensors, the high perfection of lithography-based microelectronic
IC fabrication techniques has been beneficial for research on its use for realising
miniature sensors, built from or on Si wafers.
1.2.1 Sensors and sensor systems
Significant research on miniature sensors commenced around the beginning of the
1970s. The usefulness of these sensors was mainly perceived in the aspects of lowcost, small size, and the integration with electronic circuits for signal conditioning and
bus communication [183]. Current trends actually are towards sensors which include
signal conditioning and standardised output formats.
Signal conditioning on the sensor chip and smart sensors

The most obvious reasons for extending sensors with electronic circuitry are to
maintain the fidelity of the sensor signal by buffering and amplification, and to
provide a standardised output-signal format [171]. Over the past decade the steady
ongoing development of IC technology has resulted in the availability of large amounts
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of electronic processing power at very low prices. In certain application fields this has
made (or will make) it economically feasible to include more than just signalconditioning electronics on the sensor chip. Such sensor chips are usually referred to
as smart sensors [172]. Examples of smart functions are: signal interpretation,
linearisation, autocalibration, self-test, resolving cross-sensitivities (e.g. temperature
coefficients), sensor-element multiplexing, data stream reduction, bidirectional bus
interfacing, transponder functions.
There are numerous advantages conceivable for incorporating some degree of
smartness into a miniature sensor [172,182], for example:
1) Reliability and immunity from electromagnetic interference,
2) Allowance of higher operating frequencies due to short connections,
3) Simple factory calibration due to look-up ROM tables,
4) Digital output representation facilitates standardisation (exchangeability) and bus
interfacing,
5) Minimisation of data traffic between the sensor and the central processing unit,
6) Possibility of different operating modes: averaging, measurand trends, alarms,
7) Autocalibration, self-test and non-linearity correction.
1.2.2 Degree of integration
The combination of sensing- and signal-processing functions, gives rise to the
question of what degree of integration should be pursued. A fully monolithic
integration can result in high reliability, as well as low unit cost if very large quantities
are produced. However, because of the highly fragmented nature of the sensor market,
this latter condition can only be met for very few sensor types [183].
For most applications a hybrid integration approach of sensors and electronic circuits
is probably more convenient and cost-effective. In such an approach sensor chip and
electronic chip are mounted on a single mother substrate using special bonding
techniques. This provides the significant advantage of less compatibility constraints
(cheaper and shorter development cycle), a higher yield due to intermediate selection,
and the exchangeability of sensors and electronic circuits, etc. Application-specific
integrated circuits (ASICs) can be employed to benefit from advances in IC process
technology, and ensure a short development cycle by the use of an extended library of
well-characterised circuit cells.
It should also be mentioned that the integration of optical sensors with electronics
eliminates the advantage of electrical passivity of optical sensors.
1.2.3 Self-generating and modulating sensors
Sensors can be classified according to whether the signal in the target domain is
generated or modulated by the measurand. The former type is known as selfgenerating and the latter as the modulating type [171]. With self-generating sensors
the measurand value is obtained by passive read-out of the sensor; in contrast a
modulating-type sensor must be actively interrogated in order to obtain the measurand
value. In agreement with the read-out or interrogation terminology, the sensor systems
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as a whole are also referred to as passive and active sensors respectively. Most optical
(and all interferometric) sensors are of the modulating type; the measurand modifies a
property of an optical wave launched into the sensor configuration. A general
advantage of modulating-type sensors is that the sensitivity and noise suppression can
be high, as these are determined by the power that is supplied to the target domain by
the interrogator. Other examples of modulating-type sensors include impedance
bridges, radar (acronym for ‘radio detection and ranging’) sensors, and sensors in
which the measurand affects the resonance frequency of a certain physical structure.
The merit of actuators

Active sensor interrogation can often be improved by using actuators which act upon
variables somewhere in the transduction chain. A specific example is that in which an
actuator is employed to linearise the sensor response, using a nulling mode of
operation. As we shall see in chapter 2, the basic transfer of an interferometer is a
non-linear function of the measurand. In fact an actuator can be used here to improve
the sensing performance.

1.3 MOTIVATION FOR AND OBJECTIVE OF THE THESIS
1.3.1 Motivation
Integrated optical waveguide sensors have a large number of potential applications.
Especially phase modulating sensors are of interest, because of their capability for
high sensitivity and their large dynamic range. The ruggedness of IO substrates allows
realisation of stable interferometers, which in turn makes IO interferometer sensors
attractive for the sensing of quasi-static measurands. Linear and accurate
(interferometer) sensor operation requires the application of dedicated interrogation
techniques. Interferometric sensor interrogation is based on a close interaction of
optical and electronic functions, both of which are therefore preferably integrated
together (either hybrid or monolithic). Hence the function of sensor interrogation also
represents an important step towards miniature IO sensor systems that include some
degree of smartness. Although interferometric interrogation techniques exist for both
fibre-optical and free-space optical interferometry, the specific possibilities offered
and the requirements imposed by IO technology necessitate an investigation of
interrogation techniques in its own right. The use of sophisticated interrogation
techniques to improve the performance of bare IO interferometer sensors has not yet
received much attention whilst it is believed to be an essential topic when high
measurement accuracy is desired. In addition, interrogation techniques open the door
towards smarter sensor-system concepts, thus facilitating market incursion by IO
interferometer sensors.
1.3.2 Project context and objective of this work
Project context

The work as described in this thesis has been performed within the framework of the
Dutch Innovative Research Program Electro-Optics (IOP-EO), in the project “Hybrid
OEIC’s for Sensing Applications”. This project was carried out in a partnership

1.4 ORGANISATION OF THE THESIS

7

between the Physics and Electronics Laboratory (FEL) of TNO and the MESA
Research Institute at the University of Twente. The objective of the project is the
demonstration of the feasibility of miniature electro-optical sensor systems, based on a
hybrid fabrication technology including integrated optics, electro-optics and microelectronics.
Promising initial results, obtained with integrated optical Mach-Zehnder
interferometers, and subsequent consultations with representatives of the Dutch sensor
industry have led to the prospect of viable applications. These include a relative
humidity sensor for environmental sensing, and an immunosensor for biochemical
sensing. The former sensor type has served as a vehicle for the work to be described in
chapter 4. The latter requires the highest resolution. The development of integrated
optical technology and components is focused on two-beam interferometers
(especially the Mach-Zehnder configuration) [155].
Objective of this work

The aim of this work is the investigation of interrogation concepts for integrated
optical-interferometer sensors. Linearisation of the interferometer response, dealing
with measurement ambiguities, suppression (or compensation) of the influence of
non-idealities, and calibration of unknown parameters are some of the essential
ingredients. Although some emphasis is on electronic processing and actuation
functions, the optical interferometer structure is also taken into consideration. The
work should result in (various) interrogation architectures, for establishing a basis for
future development of miniature (possibly smart) IO interferometric sensor systems.
The scope of the work has been restricted to coherent interferometry using two-beam
interferometer configurations. In principle the measurand is assumed to include a
quasi-static component, but transient or AC behaviour is covered as well.

1.4 ORGANISATION OF THE THESIS
The body of the thesis is organised as follows.
Chapter 2 introduces the subject of interferometry. The fundamental problems of
coherent optical interferometry are explained, based on an idealised interferometer
structure. Also the principal solutions to these problems are outlined. Subsequently
the influence of several non-idealities is discussed. A description is included of
procedures for the calibration of ideal-system parameters and systematic nonidealities.
Chapter 3 focuses on coherent interrogation techniques that are suitable for sensing
applications which involve quasi-static (including both AC and DC) measurands. A
main distinction is made between precise incremental tracking techniques and coarse,
yet absolute, techniques for initialisation. The latter techniques are used to provide
tracking techniques with an absolute initial starting point. Some emphasis is given to
peripheral functions, that guarantee accurate performance, including automatic phasemodulator scale factor calibration and wavelength stabilisation.
Chapter 4 presents a functional design of a novel hybrid interrogation system, in
which the preferred techniques of chapter 3, for tracking and initialisation, are
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combined. Specific problems arising from the combination of techniques are
addressed and solutions to these problems are presented.
The main conclusions drawn from this work, as well as some recommendations for
further research, are presented in chapter 5.
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Optical interference can be used to convert phase-modulated optical signals into
intensity-modulated optical signals. In contrast to phase modulation, intensity
modulation can be directly converted to the electrical domain using photodetectors.
The conversion of phase modulation into intensity modulation is described by a nonlinear periodic relation. In sensing systems the phase modulation is induced by the
measurand.
This chapter deals with the principles of interferometric measurements. It will address
the inherent problems associated with the non-linear periodic relation, as well as
more practical problems arising from non-idealities. The basic solutions for the
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fundamental problems, as well as procedures and methods for calibration and
reduction of non-idealities will be discussed.
Organisation

In section 2.1 a brief overview of interferometric sensing is given in order to introduce
key concepts that will reappear further on in this chapter. The important properties of
wave propagation in waveguide structures as well as a simple model describing the
modulation of optical lengths will be treated in section 2.2. In section 2.3 the subject
of two-beam interference will be introduced, and an ideal interferometric sensing
system will be considered in more detail. The fundamental problems associated with
an interferometric measurement will be addressed, as well as their solutions and the
required calibration procedures. These solutions are based on tracking and on
determining an initial starting point. Also the relation between these solutions and the
types of measurands that they enable to be measured will be discussed. Section 2.4
introduces sources of non-idealities (systematic and random errors) in the system. The
calibration of the most important systematic errors as well as the reduction of the
influences of random errors will be dealt with. An expression will be derived for the
available error budget that permits the starting point to be correctly determined.
Finally, the conclusions of this chapter are summarised in section 2.5.
Novel aspects

Despite the introductory nature of this chapter, one novel aspect is introduced:
·

The effects of chromatic dispersion on synthetic-phase measurements, usually of
no interest in classical free-space interferometry, are accounted for by analytical
expressions, based on a linear approximative model of first-order chromatic
dispersion.

2.1 SENSING BY MEANS OF INTERFEROMETRY
In this section we will briefly outline what interferometry is and how it is used for
sensing. The purpose is to introduce some key concepts and terminology. A more
detailed introduction can be found in [5].
2.1.1 Interference and interferometry
Interference

In this thesis optical interference refers to the phenomenon that occurs when two (or
more) distinct lightwaves are manipulated such that they overlap each other in space
and time. Under certain conditions a spatio-temporal distribution of the combined
optical power in the overlap region can be observed that differs from the simple sum
in space and time of the individual powers1. The shape of this pattern, often consisting
of dark and bright interference fringes is dependent on properties of the interfering
waves.

1

The waves must be mutually coherent in time and space.

2.1 SENSING BY MEANS OF INTERFEROMETRY

11

Interferometry

The term interferometry refers to the use of the interference phenomenon for
converting either the phase, frequency or polarisation property of a lightwave into a
spatio-temporal power distribution. Such a power distribution can be detected using
photodetectors with an adequate spatial and temporal bandwidth (e.g. in the form of
an array).
In this thesis we shall be concerned with interferometric sensing. Stated in general
terms, a quantity to be measured, the measurand, influences the phase, frequency or
polarisation property of a lightwave. This lightwave is made to interfere with a
reference lightwave, yielding the influence of the measurand as a change of the
resulting spatio-temporal power distribution. Finally the value of the measurand is
inferred from the detected power distribution using adequate signal processing
techniques.
Interferometry which uses the lightwave polarisation as the information carrier is also
known as polarimetry [3,4]. An example of interferometry where the optical
frequency is used as the information carrier is laser Doppler velocimetry [3]. The
scope of this thesis will be confined to the third type of interferometric sensing, that is
where the measurand is coded in the phase property of the lightwave.
Interferometers

Usually the interfering lightwaves are created by dividing the light of a single optical
source over multiple propagation paths, using devices called beamsplitters. This
method of approach serves to guarantee that the waves are mutually coherent (i.e.
have a well-predictable phase relation). A constellation of optical propagation paths
that includes the functions of (1) splitting the source light, (2) modulation of the
optical length of (one of) the propagation paths, and (3) forming a spatio-temporal
power distribution by interference, is called an interferometer. The optical length of a
propagation path refers to the equivalent length of a vacuum optical path that would
be traversed by the light during the same time. Thus the optical length is equal to the
product of the physical length and the (real part of the) refractive index experienced.
Interferometers in integrated optics

In integrated optics (IO) the propagation of light is generally defined by channel
waveguide structures that have the property to guide the lightwaves along welldefined paths in a finite number of guided modes. These modes are unique in the
shape of the electromagnetic-field distribution and in the effective propagation
velocity, the exact relations also being dependent on the optical frequency. The
propagation velocity is often described by the effective refractive index of the mode.
Thus the effective index accounts for the dependence of the waveguide optical length
on the propagation mode.
Interference of guided waves is brought about in special IO coupling devices (which
we shall refer to as interference couplers), the result of the interference in its more
general form being a spatio-temporal power distribution over the output ports of the
coupler. Usually these output ports are guided modes within one or more separate
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waveguides, or sometimes an ensemble of so-called radiation modes1. Radiation
modes are unguided modes. The complicated power distribution over individual
unguided modes that results from interference, makes these modes less suitable for
photodetection2. It is interesting to note that the spatial distribution over separate
waveguides has a discrete character. This facilitates the use of photodetectors with
low spatial resolution.
2.1.2 The optrode and the measurand
So far we have mentioned that (1) changes in the optical length of one of the guided
propagation paths result in changes of the relative phase of the interfering waves, (2)
changes in the relative phase become manifest as changes in the spatio-temporal
power distribution, and (3) the spatio-temporal power distribution can be detected by
photodetectors. Next we shall briefly introduce the possibilities for a measurand to
induce changes in the optical length.
Optrode

The transduction of a measurand into a change of the optical length of a guided-wave
propagation path takes place in a functional element called the optrode or optode
[13,14]. Since the optical length is the product of the physical length and the effective
refractive index, this transduction may be accomplished by modulation of the physical
length or the (real part of the) effective index3. In most IO optrodes a transduction
mechanism performing the effective index modulation is used.
The measurand attributes

For our purposes the measurand is usually a one-dimensional time-varying quantity in
some energy domain [26,173]. In some practical cases it may be sufficient or even
desirable to retrieve only some specific properties or attributes of the measurand.
Examples of such attributes are the time average, the peak value, the rms value, the
time derivative, spectral properties and detection of threshold level crossings. In this
thesis the emphasis is on interrogation techniques which are able to measure the
absolute value of the time-dependent measurand. Later in this chapter (section 2.3) it
will be seen that this functionality often requires a combination of two different
functions; hence we will refer to these techniques as hybrid interrogation techniques.
Hybrid interrogation techniques are generically applicable; simplified techniques with

1

The case where the output ports are different guided modes of a single waveguide is employed in
mode-mode interferometry. The interference of these modes gives rise to a spatial power distribution
over the waveguide cross-section. Since the modes have different propagation velocities, the resultant
power distribution is dependent on the longitudinal coordinate. The power distribution can be detected
at the endface of the waveguide with a photodetector array of sufficient spatial bandwidth. When the
number of interfering modes is large, the power distribution takes the form of an irregular speckle
pattern (speckle interferometry) [181].

2

Nevertheless, radiation modes do have useful applications (e.g. for transmitting power initially carried
by the guided modes into an adjacent photodetector, after out-coupling with a grating).

3

The effective index modulation mechanism may involve modulation of the material refractive indices
and/or the physical waveguide structure.
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superior performance for specific sensing situations can be developed by ‘stripping’ a
hybrid interrogator.

2.2 WAVE PROPAGATION AND MODULATION IN INTEGRATED OPTICS
In order to obtain a working knowledge of IO, we will summarise the basic properties
of wave propagation in dielectric channel waveguides. Also a model describing the
influence of the measurand on the wave propagation will be given.
2.2.1 Light propagation in waveguides
In this subsection a very brief account of the propagation of light in waveguide
structures will be given. This background knowledge will be of use later. Detailed
information can be found in textbooks such as [2].
Lightwave propagation in channel waveguides

The properties of waveguiding can be understood by considering a rectangular planar
dielectric waveguide structure such as shown in figure 2.1. The structure is invariant
in the ez direction and is composed of dielectric layers with different refractive
indices. The waveguide cross-section consists of a core with a refractive index which
is larger than that of the surrounding material. Under certain conditions light
propagating through the structure will be confined to the core and guided in the ez
direction by a mechanism called total internal reflection. Such lightwaves are called
guided waves. In the following text some important properties of guided lightwaves
will be described.

Fig. 2.1 Channel waveguide, allowing guided wave propagation along the ez direction.

A monochromatic lightwave propagating along the ez direction of a z-invariant
waveguide structure can be described by its complex electric and magnetic field
vectors. An expression for this field vector can be found by solving the Maxwell
equations, supplied with boundary conditions imposed by the refractive index profile
n(x,y). In general there are multiple unique solutions, which are called propagation
modes. The propagation modes will be labelled with an index i, and the corresponding
complex electromagnetic field vectors are each of the form:
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N eff ,i  


⋅ z 
Ei ( x , y , z , ω , t ) = E$ i ⋅ f E ,i ( x , y , ω ) ⋅ exp jω ⋅  t −
c



N eff ,i  


⋅ z 
H i ( x , y , z , ω , t ) = E$ i ⋅ f H ,i ( x , y , ω ) ⋅ exp jω ⋅  t −
c




,

(2.1)

where the square of the real coefficient E$ i gives the optical power carried by the
mode. Each of the modes is unique in the normalised complex field-vector
distribution functions f E ,i ( x , y , ω ) , f H ,i ( x , y , ω ) over the waveguide cross section, and
in the effective refractive index Neff,i. Modal field distributions, effective indices, and
the number of existing propagation modes are fully determined by the optical angular
frequency w and the refractive index profile n(x,y) of the waveguide structure, and can
be obtained by standard calculation procedures.
The complex field-vector distribution functions f E ,i ( x , y , ω ) , f H ,i ( x , y , ω ) are
normalised such that the coefficient E$ 2 actually gives the power carried by the mode
i

in Watts. The time-average of the energy flux density is given by the time-average of
the Poynting vector Pi = 21 Ei × H i∗ , and is entirely in the ez direction for guided
modes [2]. The average power flow Pi, is obtained from Pi
x-y surface:
Pi =

∫∫

Pi dxdy =

1
2

∫∫ E

i

by integration over the

× H i∗ dxdy = E$ i2 ⋅ 21 ∫∫ f E ,i × f H∗ ,i dxdy = E$ i2 .
14442444
3

(2.2)

=1

The rightmost equality in eq. (2.2) defines the normalisation of f E ,i ( x , y , ω ) and

f H ,i ( x , y , ω ) . If only amplitude and/or phase properties of the modal field are of

concern, it is permitted to denote optical fields by scalar expressions of the form:
N eff ,i  
 
Ei (z ,ω , t ) = E$i ⋅ exp jω  t −
z  .
c 
 

(2.3)

The scalar notation will be used predominantly in this work.
The exponential factor in eqs. (2.1) and (2.3) gives the dependence of a wavefront on
time and on the z-coordinate, and indicates that the wavefront propagates in the
positive ez direction with a phase velocity vp,i given by:
v p ,i =

c
N eff ,i

.

(2.4)

Usually two types of modes are distinguished, according to their direction of
polarisation. These are called quasi-transverse electric (TE) and quasi-transverse
magnetic (TM) respectively. For quasi-TE modes the electric-field vector is
approximately parallel to the ey direction, while in the case of quasi-TM modes the
same holds for the magnetic-field vector. The TEi and TMi modes are also referred to as
polarisation modes. The value of the index i for a certain mode is termed the order of

2.2 W AVE PROPAGATION AND MODULATION IN INTEGRATED OPTICS

15

the mode. The waveguides which are subject of our considerations are mostly
monomode, which means that they are capable of supporting zero-order modes only
(TE0 and TM0). To simplify notation we will omit the index i from now on.
The effective refractive index Neff is an important quantity since in many
interferometric sensors it is this quantity that is modulated by the measurand. For
lossless waveguides Neff is a real quantity, while attenuation adds an imaginary part.
Dispersion and group index

So far we have considered light of a single frequency. As will be dealt with in section
2.3, an interferometer interrogation system may employ lightwaves of different (or
variable) frequencies. For such a system the effect of chromatic dispersion becomes
significant1. Chromatic dispersion is the effect that the effective index Neff is
dependent on the optical frequency w, i.e. N eff = N eff (ω ) . In monomode waveguides
chromatic dispersion is due to two mechanisms: material dispersion and (intra-)
modal dispersion. To obtain an manageable description of chromatic dispersion, it is
convenient to define the group velocity vg (in terms of either w or the vacuum
wavelength l):
  ω ⋅ N eff
 ∂
  c
v g (ω ) = 
∂ω










−1


 N eff

∂
2
 λ  λ
= −
∂λ
c



−1




 .



(2.5)

Alternatively we can introduce the group refractive index Ng(l) by:
 N eff 

∂
 λ 
c
2
= −λ ⋅
N g (λ ) =
,
∂λ
v g (λ )

(2.6)

which can be written in the standard form:
N g ( λ ) = N eff ( λ ) − λ ⋅

∂N eff
∂λ

.

(2.7)

In order to model dispersion, the effective phase index Neff(l) is expanded in a Taylor
series around l:
N eff (λ + ∆λ ) = N eff (λ ) +

∂N eff
∂λ

⋅ ∆λ +

1
2

∂ 2 N eff
∂λ

2

⋅ (∆λ ) +L
2

(2.8)

For sufficiently small Dl the terms of order 2 and higher can be neglected, which
leads to the approximative model of first-order dispersion. In the neighbourhood of l
the effective phase index can thus be written as a linear function of the wavelength:

1

In free-space interferometry dispersion is negligible [122].
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a


⋅ λ ,
N eff ( λ ) = b ⋅  1 −
 2πc 

(2.9)

where a and b are constants. By substitution in eq. (2.7) it can be seen that b = N g ,
and so the group index is a constant in the first-order dispersion model. For the
remainder of this chapter we will prefer the use of optical frequency rather than the
wavelength. Hence eq. (2.9) is rewritten as:
a

N eff (ω ) = N g ⋅  1 −  .
 ω

(2.10)

Normally the phase index increases with optical frequency, so that the constant a is
positive. In the case of zero dispersion, a is also zero, so that N g = N eff .
Throughout this thesis, the optical frequencies lie within a narrow band and hence we
will approximate the frequency dependence of the effective phase indices by eq.
(2.10).
2.2.2 Modulation of optical lengths
In this subsection a simple model will be given for the phase shift which is induced by
the measurand. The model can also be used to describe a phase modulator.
Phase difference and optical length

For the sake of mathematical convenience the optrode can be defined as the
waveguide section between its two reference (end) coordinates z1 and z2, as
schematically illustrated in figure 2.2. The reference coordinates are chosen such that
their optical distance to other functional elements in the interferometer is independent
of the measurand.

Fig. 2.2 Reference coordinates along the ez direction of a waveguide. Also shown are the
symbols that will be used throughout this thesis to depict an optrode and a phase modulator.

From eqs. (2.1) and (2.10) we can deduce that at any instant t the phase difference of
the wavefronts at z1 and z2 equals:

ω
⋅ L ⋅ N (ω )
c 21 eff
.
 a ⋅ L21 ⋅ N g  ω
=
 − ⋅ L21 ⋅ N g
c

 c

φ21 (ω ) = φ2 (ω , t ) − φ1 (ω , t ) = −

(

)

(2.11)
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where L21 = z 2 − z1 is the interaction length of the optrode. The quantity L21 ⋅ N eff (ω )
is also referred to as the optical length of the optrode, while L21 ⋅ N g is referred to as
the group length.
Modulation of the optical length and the phase difference

Our interest concerns the modulation of this optical length (and of the phase
difference). Obviously distinction can be made between two different methods: either
modulation of the physical length L21, or modulation of the effective index Neff. In
most IO optrodes and phase modulators the latter is used.
We will describe the modulation of the optical length by the measurand M with a
simple linear interaction model that includes both methods of modulation1:
L21 ( M ) ⋅ N eff ( M , ω ) = L(210) ⋅ N eff( 0 ) (ω )
.
∂N (ω )


∂L21
( M = 0) + L(210) ⋅ eff
( M = 0) ⋅ M
+  N eff( 0 ) (ω ) ⋅
∂M
∂M


(2.12)
Here N eff( 0) (ω ) and L(210) are ‘bias’ values ( M = 0 ) of the corresponding quantities
Neff(M,w) and L21(M)2.
It is useful, for systems employing lightwaves of different frequencies, to consider the
frequency dependence of eq. (2.12). We will assume first-order dispersion and define
the measurand sensitivities:

∂L21
( M = 0),
∂M
∂N g
N
( M = 0),
S Mg =
∂M
∂a
( M = 0)
S Ma =
∂M
S ML21 =

(2.13)

By using eq. (2.10) we obtain:

1

In some optrodes (especially chemo-optical ones) the relation between the measurand and the MIOP is
inherently non-linear. However the linear model can still be utilised if M is denotes an intermediate
transduction variable rather than the actual measurand. Then the relation between M and the actual
measurand contains the non-linearity, and this relation can be determined by calibration. Throughout
this thesis we will therefore continue to use the linear interaction model, as it simplifies the
considerations.
2

For simplicity we have expanded the measurand-dependent part into only two terms. If there are crosseffects (e.g. Neff may also be a function of L21) one or both of the measurand-dependent terms may be
expanded further to show the primary modulation mechanisms. In the present model these primary
mechanisms are included in one of the two terms.
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 a ( 0) 
L21 ( M ) ⋅ N eff ( M , ω ) = L(210) ⋅ N g( 0) ⋅  1 −

ω 

( 0)
( 0)
 ( 0) L

 a ( 0)  L21 ⋅ N g
Ng
( 0)
21
⋅ S Ma  ⋅ M
+  N g ⋅ S M + L21 ⋅ S M ⋅  1 −
−
ω 
ω




(

)

. (2.14)

For the corresponding phase difference eq. (2.11) we find:

φ12 ( M , ω , t ) = φ1 ( M , ω , t ) − φ2 ( M , ω , t )
1
= L(210) ⋅ N g( 0) ⋅ ⋅ (ω − a ( 0) )
(2.15)
c
1
N
+ ⋅ N g( 0) ⋅ S ML21 + L(210) ⋅ S M g ⋅ (ω − a ( 0) ) − L(210) ⋅ N g( 0) ⋅ S Ma ⋅ M
c 444444444442444444444443
1

((

)

)

MIOP = φ M ( ω )

The phase difference consists of w-proportional contributions, and contributions
which are w-independent. The latter contributions are due to chromatic dispersion.
Note that if L(210) ⋅ N g( 0) ⋅ S Ma were zero, then the ratio between both contributions would
be independent of M. This term is zero in the case of modulation by means of L21, but
may be non-zero in the case of Neff-modulation. The term which is proportional to the
measurand M will be called the measurand-induced optical phase (MIOP) and will
obviously play an important role. Throughout this thesis the MIOP will be denoted by
the symbol fM(w).

2.3 IDEAL TWO-BEAM INTERFEROMETRIC SENSING SYSTEM
In the previous section we have dealt with guided wave propagation and the
interaction in the optrode, yielding the measurand-induced optical phase (MIOP). In the
present section we will consider how the MIOP can be measured by using an idealised
two-beam interferometer.
First in subsection 2.3.1 the interference of two lightwaves in a two-beam
interferometer structure will be considered. We will discuss the two-beam fringe
pattern and define important characteristics of it. Afterwards, in subsection 2.3.2, the
fundamental problems related to retrieving the MIOP from the fringe pattern will be
outlined. In the next two subsections basic interrogation methods to solve these
difficulties will be discussed. More specifically, in subsection 2.3.3 the principles for
incremental optical-phase tracking will be discussed, while subsection 2.3.4 focuses
on the principle of synthetic-phase measurements, to enable absolute optical phase
measurements. In subsection 2.3.5 the required procedures for calibration of the
functional parameters in the interrogation system will be described. Finally,
subsection 2.3.6 briefly addresses the implications of a priori knowledge about the
measurand with regard to the choice of an interrogation strategy.
2.3.1 General idealised two-beam interferometer structure for sensing
In this subsection we consider the translation of the MIOP into an optical-power
distribution at the output ports of a general idealised homodyne two-beam
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interferometer structure1. Interference in a less-ideal heterodyne two-beam
interferometer is described in appendix A, while a description of commonly used twobeam interferometer configurations is given in appendix B.
Two beam interferometer structure

Interference refers to the distribution of optical power that results when coherent
lightwaves are merged in space and time. Figure 2.3 shows the configuration of an
ideal homodyne two-beam interferometer. It consists of the following functions: laserdiode light source, conditioning circuit, sensing (AC) and reference (BD) branches,
interference coupler.

Fig. 2.3 Ideal homodyne two-beam interferometric sensing system (above) and some symbols
that will be used in the remainder of this thesis (below). The longitudinal positions of the inputand output ports are indicated by the small vertical lines. Normally the symbols depicted are
used for specific implementations of the functions; however we will use them as general
symbols. The symbol indicated by DC is commonly used for a directional coupler; the symbol
indicated by YJ is commonly used for a Y-junction and has one central guided output port
(assuming that the central branch is monomodal) and a port for a superposition of radiation
modes Other symbols represent the laser-diode light source and the photodetectors.

The lightwave of a light source with an optical field given by EO (t ) = e j (ω ⋅t + φO ) ⋅ E$ O ,
2
and an average power P = E (t ) = E$ 2 , is guided into a lightwave conditioning
in

O

O

circuit. The conditioning circuit divides the source light into equal power fractions in
the sensing and reference branches. The field transfer function can be written as:
 E A (t )

=
 E B (t )

1

1
2

1
2 ⋅ e jθ AO   ⋅ E O (t ) =
1

1
2

1
j ω ⋅t +θ AO + φO )   $
2 ⋅e (
1 ⋅ E O .


(2.16)

Although other useful types of interference exist (e.g. multiple-beam interference), two-beam
interference is by far the most important interference phenomenon within the scope of this thesis.
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The waves E A (t ) and E B ( t ) appearing from the conditioning circuit are guided into
the waveguide sections AC and BD respectively. The waveguide section AC is the
sensing branch and contains the optrode of physical length L and effective index Neff.
The section BD is a reference branch which contains a desensitised optrode of
physical length L’ and effective index Neff’ [155]. Apart from the ‘optrode sections’
the reference and sensing arms are of equal length and effective index. The waves at
the beginning and end of the waveguide sections AC and BD are related by:
EC (t ) = e − jφ AC ( ω ) ⋅ E A (t )
E D (t ) = e − jφ BD ( ω ) ⋅ E B (t )

.

(2.17)

where the phase differences fAC(w) and fBD(w) can be expressed as:

ω
c

AC

ω
φBD (ω ) =
c

BD

φAC (ω ) =

∫ N (ω , z)dz
eff ,s

∫ N (ω , z)dz

,

(2.18)

eff ,r

where Neff,s(w,z) and Neff,r(w,z) are the effective indices along the sensing and
reference waveguide branches respectively. The MIOP is included in the phase
difference fAC(w).
Interference occurs in the interference coupler, where the two lightwaves are brought
into such close contact that their field distributions overlap. Mathematically speaking,
the input fields are summed in the output ports of the coupler, which can be described
in terms of a transmission matrix. For an ideal interference coupler the transmission
matrix is given by1 [2]:
 E E (t )

=
 E F (t )

m11
m
 21

m12   E C (t )
⋅
,
m22   E D (t )

(2.19)

where E C ( t ) , E D (t ) , E E ( t ) and E F ( t ) are the complex field components of the
waves at the input and output ports of the coupler, and the quantities mij are termed
the complex field coupling constants. In the case of the ideal coupler the fieldcoupling constants satisfy:
 21 2 ⋅ e jθ EC ,
mij = 
− j ⋅ 21 2 ⋅ e jθ EC ,

i= j
i≠ j

,

(2.20)

with qEC being a ‘common-mode’ phase shift.
Combining eqs. (2.16), (2.17), and (2.19), the fields E E ( t ) and E F ( t ) , as they finally
result in the output ports, can be expressed as:

1

Here the term ‘ideal’ means that the coupler is lossless, that its structure is symmetric, and that the
power-coupling constants are equal to ½, irrespective of the optical frequency.
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 E E (t ) 1 jθ EC

 = 2 ⋅e
 E F (t )

 e jφC ( t )
⋅
jφC ( t )
− j ⋅ e

− j ⋅ e jφD ( t )  1 $
 ⋅   ⋅ E0 ,
e jφD ( t )  1

21

(2.21)

where fC(t) and fD(t) are the instantaneous optical phases at the respective input ports
of the coupler:

φC ( t ) = −φAC (ω ) + θAO + φO + ω ⋅ t

φD ( t ) = −φBD (ω ) + θAO + φO + ω ⋅ t

.

(2.22)

Two-beam fringe pattern

Photodetectors respond to the average (over many optical periods) of the incident
optical power. The fringe pattern is the curve that describes the distribution of optical
power over the output ports of the interferometer as a function of the phase difference
and it thus establishes an essential link between the MIOP and the electrical signal
processing. From eq. (2.21) we obtain the fringe patterns:

(
)
.
= P ⋅ (1 + cos(φ ))

Pout 1 (t ) = E E (t ) = Pb ⋅ 1 + cos(φIP1 )
2

Pout 2 (t ) = E F (t )

2

(2.23)

IP 2

b

where Pb = 21 E$ 02 = 21 Pin will be called the background power. The phase differences
fIP1 and fIP2 will be called the interferometer phases associated with the interference
results in output ports 1 and 2 respectively. These interferometer phases equal:

φIP1 = φC (t ) − φD (t ) + π 2

φIP 2 = φC (t ) − φD (t ) − π 2

.

(2.24)

Note that since φIP 2 = φIP1 − π , we also have cos(φIP1 ) = − cos(φIP 2 ) , which in turn is a
consequence of power conservation in the interferometer. The fringe patterns of eq.
(2.23) are shown in figure 2.4, and in the following text we shall define some of its
characteristics.
The term fringe order is defined as the integer multiple of 2p that is closest to the
interferometer phase1. For example, the zero-order fringe of fIP1 extends over the
range − π < φIP1 < π , while the zero-order fringe of fIP2 extends over − π < φIP2 < π ,
which is equivalent to 0 < φIP1 < 2π . In a fringe centre the interferometer phase is
equal to the fringe order, i.e. fringe centres correspond to the fringe maxima. The
quadrature points (QPs) are defined as those points where the interferometer phase is
an odd multiple of p/2. In the QPs the output powers are maximally sensitive to
changes of the interferometer phase. Note that a QP of fIP1 always coincides with
another QP of fIP2, and vice versa. For the ideal interferometer the output powers Pout1
and Pout2 are equal in the QPs.
1

In some literature reports the term fringe order (or order of interference) denotes what has been
defined here as the interferometer phase divided by 2p [5]. In this thesis the term fringe order will be
used to denote an integer number. Again, in other literature the term fringe order denotes the phase
difference fC(t)-fD(t) (and thus the phase contribution of the interference coupler is disregarded).
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Fig. 2.4 Fringe pattern of an ideal two-beam interferometer. Indicated are the zero-order fringe
of Pout1 as well as the fringe centres of Pout1 and Pout2. Also shown are the quadrature points.

2.3.2 Fundamental problems related to the fringe pattern
In this subsection we will introduce the fundamental problems of two-beam
interferometric measurements. These problems are the fringe-order ambiguity, the
directional ambiguity and the sensitivity fading. Following this, in subsections 2.3.3
and 2.3.4, solutions to these problems will be discussed.
Parameters of the fringe pattern

By using eqs. (2.18), (2.22) and (2.24), we can write for the interferometer phase
fIP1(w):

φIP1 (ω ) = φC ( t ) − φD ( t ) + π 2 = −φ AC (ω ) + φBD (ω ) + π 2 =
=


.
ω 
⋅  − ∫ N eff ,s (ω , z )dz + ∫ N eff ,r (ω , z )dz + π 2
c  AC

BD

(2.25)

As noted previously, the MIOP fM(w) contributes to the phase difference fAC(w). For
the present discussion it will be assumed that the interferometer can be designed such
that the net effect of all other contributions in eq. (2.25) is zero, so that we have:

φIP1 (ω ) = −φ M (ω ) .

(2.26)

Under this assumption the two-beam fringe pattern of eq. (2.23) can be written in the
form:

(

)

(

)

Pout 1 = Pb 1 + cos(φIP (ω )) = Pb 1 + cos(− φ M (ω )) ,
as is shown in figure 2.5.

(2.27)
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Fig. 2.5 General two-beam fringe pattern and the associated ambiguities in the determination
of fM from a measured value of Pout1.

One fundamental problem of interferometry now, is to determine the MIOP fM from a
measurement of Pout1. As a minimum requirement the background power Pb must be
known, but this is not enough as will now be discussed.
Fringe-order ambiguity

If the parameter Pb is known and a corresponding value of fM satisfying eq. (2.27) has
been determined from a Pout1 measurement, the periodicity of the fringe pattern gives
rise to the problem that any other phase φM ± 2mπ with m an integer is an equally
probable solution, and that consequently the determination of fM is ambiguous. This
problem is known as the fringe-order ambiguity and is illustrated in figure 2.5. The
fringe-order ambiguity is relevant only if the a priori range within which the correct
value of fM must be found, exceeds 2p. The corresponding range of the optical length
is termed the ambiguity length [107], to express that a fringe-order ambiguity results
when it is exceeded. Obviously the ambiguity length is equal to the vacuum
wavelength.
Directional ambiguity

Even within one fringe the output power Pout1 is a non-monotonous function of fM.
Disregarding the fringe-order ambiguity, a measured Pout1 may correspond to one of
two solutions, as is illustrated in figure 2.5. As both solutions differ only in the sign of
the derivative of the fringe pattern, it is impossible to determine the sign (direction) of
MIOP variations from subsequent Pout1 measurements. Hence this ambiguity is known
as the directional ambiguity.
Fading of the sensitivity

Because the fringe pattern is non-linear, its sensitivity (i.e. its slope) is dependent on
the MIOP. The sensitivity is maximal in the quadrature points and fades at the fringe
extrema. Fading of the sensitivity makes the determination of fM inaccurate as the
accuracy with which Pout1 can be measured will, of course, be limited.
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2.3.3 Directional ambiguity and fringe-pattern parameters: phase
tracking1
In this subsection we will outline the principles of how to deal with the unknown
fringe-pattern parameters as well as how to resolve the directional ambiguity. To
resolve the two unknowns (fM, Pb), apparently at least two different measurements of
Pout1 under controlled variation of one or more of the fringe-pattern parameters are
needed2. It is easily seen (e.g. from figure 2.5) that variation of Pb (even when known
in an absolute or relative sense) will not provide the information necessary to resolve
the directional ambiguity. Hence an additional phase-bias term fb,i, which adopts at
least two different values (iÎ{0,1}), must be added to the interferometer phase. The
magnitudes of fb,i (iÎ{0,1}) must be determined by calibration.
The phase bias at different values can be implemented by three different methods, one
of which is static, but the other two are dynamic. These methods will be introduced in
the following text. As these techniques overcome the directional ambiguity, they
provide the principal possibility to track the MIOP over a range that includes many
fringes. Such techniques will be referred to as phase-tracking techniques or phase
trackers in this thesis3.
Phase-bias diversity method

Phase-bias diversity refers to the simultaneous formation of several interference
results, each (pair) of them based on a unique phase-bias value. The lightwaves at the
ends of the sensing and reference waveguides are split up into several paths.
Individual waves from sensing and reference waveguides are then combined in pairs
in separate interference couplers, each pair providing a unique phase bias. In this way
interference results for several values of the phase bias are obtained simultaneously. In
order to avoid the introduction of additional unknown variables, the background
powers in all the output ports must be equal or have at least a stable and defined
relation. These requirements are difficult to realise in practice and consequently the
usefulness of phase-bias diversity is limited. The phase-diversity principle can be used
in a simplified form by using interference couplers with more than two output ports
[48,45].
Periodic phase bias: phase modulation interferometry (PMI)

The need for multiple interference couplers can be avoided by using an additional
phase bias which changes (periodically) with time. This can be accomplished using
calibrated optical-phase modulators. Measurements of Pout1 at successive phase-bias
values are made in sequential order and are processed adequately. This method will be
referred to as phase-modulation interferometry (PMI). The acronym PMI is also used in

1

In the literature on fibre interferometers the term phase tracking is used for a function that will be
introduced in chapter 3 under the term phase unwrapping [76,86,87]. The function of phase
unwrapping is essential in a phase tracker.

2

Note that all unknowns need not actually be determined numerically. The measurement method may
be simplified by aiming at the cancellation of unknowns rather than numerical determination.

3

So-called fringe counting techniques are in fact phase trackers with a coarse resolution [35].
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phase-measurement

Since PMI is a dynamic interrogation method, it is not as susceptible to quasi-static
errors as is the phase-bias diversity method. More details on errors will be given in
section 2.4.
Linear-time phase bias: heterodyne interferometry

An optical frequency shifter in the conditioning circuit introduces a phase bias which
varies continuously, linearly and unboundedly with time. This method is referred to as
heterodyne interferometry or frequency-shifting interferometry (FSI). Heterodyne
interference is described in somewhat more detail in appendix A. Heterodyne
interferometry provides the same advantages over phase-bias diversity as does PMI. In
addition heterodyne interferometry allows simpler signal processing, while a
frequency shifter does not require calibration, as the frequency shift is equal to the
frequency of the applied modulation signal. However the realisation of efficient
frequency shifters is difficult [4,125].
In this thesis the phase trackers will be based on the PMI approach. As will become
clear in subsection 3.3.1, it is possible to mimic heterodyne interferometry by PMI
techniques.
2.3.4 Solution for the fringe-order ambiguity
In this subsection the problem of fringe-order ambiguity will be tackled. It will be
assumed that phase-tracking techniques, such as indicated in the previous subsection,
are available for determination of the MIOP modulo 2p. The principle is based on
measuring the measurand-induced phase that results at a synthetic frequency which is
much smaller frequency than the optical frequency.
Synthetic phase and synthetic frequency

The fringe-order ambiguity results when the operational range of the MIOP exceeds 2p.
The optical length corresponding to a phase of 2p is called the ambiguity length. The
ambiguity length would be increased if a phase measurement could be performed at a
frequency much smaller than the optical frequency. Then the operational range of the
measurand would correspond to a smaller operational range of the MIOP. A phase
measurement at such a small frequency cannot be performed directly, but it can be
performed indirectly by making individual phase measurements at slightly different
optical frequencies w1, w2 and taking the difference of these phases as being the phase
at the synthetic frequency ω s = ω1 − ω 2 . This phase is called the synthetic phase and
the corresponding ‘virtual’ wavelength ls is called the synthetic wavelength [107]:

λs =

λ1λ2
2πc
.
=
ωs
λ2 − λ1

(2.28)

Provided that the synthetic frequency is so small that the range of the synthetic phase,
corresponding to the operational range of the optrode, will be less than 2p, then
unambiguous determination of the synthetic phase is possible.
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Relation between the synthetic phase and the optical phase

By combining eqs. (2.15) and (2.26), we can rewrite the interferometer phase fIP1(w))
in terms of the measurand M:
def

φIP1 (ω ) = −φ M (ω ) = − K M (ω ) ⋅ M ,

(2.29)

where the proportionality constant KM(w) is defined as:
K M (ω ) =

((

)

)

1
N
⋅ N g( 0) ⋅ S ML + L( 0) ⋅ S M g ⋅ (ω − a ( 0) ) − L( 0) ⋅ N g( 0) ⋅ S Ma .
c

(2.30)

The synthetic interferometer phase fIP1,s(ws) is by definition the variation of the
interferometer phase that results from a variation of the optical frequency
ω s = ω1 − ω 2 :

φIP1,s (ω s ) = φIP1 (ω1 ) − φIP1 (ω 2 ) .
def

(2.31)

By using eq. (2.29) we obtain:

(

)

φIP1,s (ω s ) = − φ M (ω1 ) − φ M (ω 2 ) = − φ M ,s (ω s ) ,
def

(2.32)

where we defined the measurand induced synthetic phase (MISP) fM,s(ws). Eq. (2.30)
yields:

(

)

1
N
φ M , s (ω s ) = ⋅ N g( 0) ⋅ S ML + L( 0) ⋅ S M g ⋅ ω s ⋅ M .
c

(2.33)

The relative increase of the ambiguity length is equal to the ratio of the MIOP fM(w1) to
the MISP fM,s(ws). We will call this ratio the ambiguity length extension factor (ALEF):
ALEF (ω1 , ω s ) =

φ M (ω1 )

φ M ,s (ω s )

L( 0) ⋅ N g( 0) ⋅ S Ma
ω1 − a ( 0 )
=
−
.
N
ωs
N g( 0) ⋅ S ML + L( 0) ⋅ S M g ⋅ ω s

(

)

(2.34)

By using eq. (2.10) the first term in eq. (2.34) can be expressed in terms of the phase
index Neff(w1) and the group index Ng according to:

ω1 − a ( 0) ω1 ⋅ N eff (ω1 )
=
.
ωs
ωs ⋅ N g

(2.35)

The second term in eq. (2.34) is not present with optrodes exclusively based on
modulation of the physical length L.
Note that when it is known a priori that the range of the MISP is limited to the interval
[-p,p] (or another 2p-wide interval), then the MISP can be determined unambiguously
from optical-phase measurements which themselves are hampered by the fringe-order
ambiguity.
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From synthetic phase to fringe order: fringe-order determination

The relation between the MISP and the MIOP is given by eq. (2.34). Assuming that the
MISP can be determined unambiguously, an absolute estimate of the MIOP is found by
multiplying the measured MISP by the ALEF given in eq. (2.34). The accuracy of the
MISP must be high enough to allow an accurate estimate of the absolute MIOP. By
combining this absolute estimate with the more accurate, but ambiguous, MIOP, the
integer fringe order of the MIOP can be determined. This procedure will be described
in more detail in subsection 3.6.1.
The numerical value of eq. (2.34) must be obtained by means of a calibration
procedure. This calibration procedure will be described in subsection 2.3.5.
2.3.5 Calibration of the ideal system
At this point the basic principles used for interferometric interrogation have been
introduced. Along the way we have assumed that certain quantities were calibrated. In
this section we will present procedures for these calibrations. It should be noted that
the calibrations that are of interest here are required for an ideal system1. They are
used to determine the values of functional parameters in the ideal interrogation
system2. Calibrations which are used to compensate for systematic effects of nonidealities will not be discussed until section 2.4.
Ratio of synthetic phase to optical phase: ALEF

The first calibration that must be performed concerns the ratio of the MISP and the
MIOP. The aim of this calibration procedure is to yield the numerical value of the ALEF
factor in eq. (2.34). The calibration is performed in the factory and it operates as
follows. The optrode is exposed to an (artificial) measurand which is swept from one
value to another. At the beginning and end of the measurand sweep measurements of
the synthetic phase are made and the corresponding MISP values are registered. The
difference of these values is the increment of the MISP. During the same measurand
sweep the phase tracker measures the increment of the MIOP. The ratio of the
measured MIOP increment to the measured MISP increment gives the ALEF.
In principle the values of the varying measurand need not be known for this
calibration; the only requirement is that it changes over a sufficiently large trajectory
(preferably the full operational range of the optrode).
Relation between measurand and MIOP: KM

When the ALEF calibration has been performed, the system is capable of measuring the
MIOP unambiguously. The next calibration then concerns the relation between the

1

If the production process guarantees sufficiently small tolerances of the functional parameters within a
batch, then for economical reasons the preferred approach may be to perform the calibration batch-wise
rather than piecewise.

2

A possible temperature dependence of the calibrated quantities will not be considered explicitly. If
temperature dependence would be of significance, the calibrations should be performed at various wellknown temperatures and additional temperature sensors need to be included in the sensor system.

28

2 PRINCIPLES OF INTERFEROMETRIC MEASUREMENTS

and the actual measurand1, i.e. the proportionality constant KM. This calibration
must also be performed in the factory and it may even be combined with the previous
calibration procedure. The procedure is straightforward. Two or more standards in the
domain of the measurand are successively applied to the optrode. The corresponding
values of the MIOP are measured by the interrogator. Thus a number of measurand
values and the corresponding values of the MIOP are obtained. These data can be
processed by the calibration equipment in the factory and stored in the sensor system
as a scale factor in the case of a linear relation, or as a calibration chart (look-up
table, curve fit parameters) in the case of a non-linear relation. This part of the sensor
system will be called the post-processor and it will not be considered in great detail in
this thesis.
MIOP

Phase modulator

Phase trackers based on the PMI method require a phase modulator with a calibrated
scale factor. For an uncalibrated phase modulator the magnitude of the phase values
fb,i (iÎ{0,1}), as introduced in subsection 2.3.3, is unknown. But since the mutual
relations between the fb,i (iÎ{0,1}) are defined, performing a measurement of Pout at a
third phase-value fb,2 will solve this problem as it results in three equations with three
unknowns (Pb, fM, and the scale factor of the fb,i, iÎ{0,1,2}). In principle this
calibration can be performed automatically in the interrogation system, as it does not
require exposure to an external standard.
Just as the MIOP in the optrode is dependent on the optical frequency (see eq. (2.15)),
the scale factor of a phase modulator is also dependent on the optical frequency.
Therefore the automatic scale-factor calibration of the phase modulator must be
performed at all optical frequencies involved.
2.3.6 Implications of measurand properties for the interrogation strategy
With regard to the question about which of the fundamental interrogation principles
outlined in the previous sections are actually needed and/or suitable, the nature and
properties of the measurand must be taken into consideration. Some typical cases
where the nature of the measurand will obviously have an impact on the fundamental
choices regarding the interrogation strategy will be briefly considered in the following
text.
Operational range

The operational range of the optrode will obviously determine the relevance of the
fringe-order ambiguity. If the operational range of the MIOP is less than 2p, the fringeorder ambiguity is not a problem and a phase tracker suffices. The sensitivity of the
optrode may be chosen such that the full operational range of the measurand
corresponds to an MIOP range of at most 2p. Obviously, the decrease of sensitivity and
accuracy must be acceptable.

1

Remember that in the case of a non-linear optrode, M represents an intermediate variable having a
linear relation to the MIOP. For a non-linear optrode a sequence of more than two standards in the
measurand domain must be used in order to calibrate the non-linear response.
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measurands

Typical examples of AC measurands are mechanical (acoustical) vibrations. Since the
fringe order is not required, AC measurands require only a phase tracker.
Incremental, rate and acceleration measurements

In the case of incremental measurements and measurements of rate or acceleration, the
fringe-order ambiguity is not an (important) problem. Assuming that uninterupted
operation over the measurement time interval is possible, a phase tracker is sufficient
in such cases. Examples of typical measurands include displacement (incremental)
and velocity (rate) as well as all cases where one is interested in the difference of two
or more measurands (or a measurand and a standard) of the same type. Such
difference measurements are required, for instance, in micro-total-analysis systems
(mTAS) [184].

2.4 NON-IDEALITIES AND THEIR IMPLICATIONS
In the previous section we analysed the fundamental problems in an ideal two-beam
interferometric sensor-interrogation system. In this section we will analyse the
influence of several non-idealities on the accuracy and reliability of the interrogation
result. The calibration and reduction of errors will also be addressed. A distinction
will be made between systematic and random errors, taking a single (hypothetical)
realisation of an interrogation system as our benchmark, and assuming that the
calibrations for the ideal system as outlined in subsection 2.3.5 have been carried out.
In this division, the errors resulting from imperfect technology are considered to be
systematic. On the other hand, errors that are the result of influences exerted by
quantities that change in an unknown way during operation of the system (so-called
influence quantities), are considered to be random1. Thus, besides noise, random
errors include such effects as drift and ageing. Relevant terminology used in
measurement science is summarised in appendix C.
In subsection 2.4.1 we shall discuss systematic error sources. Random error sources
(including influence quantities) will be introduced in subsection 2.4.2. After the
introduction of error sources we shall turn to remedies for important errors.
Calibration of systematic errors is the subject of subsection 2.4.3, while reduction of
the influence of random errors is treated in subsection 2.4.4. Finally subsection 2.4.5
is devoted to the error budget that allows a correct determination of the integer fringe
order.
2.4.1 Systematic error sources
According to the exerted influence of systematic error sources, we distinguish (1)
error sources that affect the parameters (‘power parameters’ and ‘phase parameters’)
of the fringe pattern and (2) errors sources that result in deviations of the two-beam
interference model.
1

In principle influence quantities (such as temperature) could be measured separately in order to
provide correction values to the quantities that are obtained by measurement and/or calibration. This
might imply a significant increase of system complexity though.
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Imperfect technology I: influences on ‘power parameters’ of the fringe pattern

Technological imperfections and tolerances inhibit the practical realisation of the
idealised interferometer described in subsection 2.3.1. Here we will consider
influences on the ‘power parameters’ of the fringe pattern. Technological tolerances
related to the interference coupler and the conditioning circuit may yield sub-optimal
magnitudes of the coupling constants. Other imperfections include: waveguide losses,
coupling losses of the laser-waveguide interface and the waveguide-detector interface,
non-unity photodetector efficiency, photodetector dark current, incoherent stray light
incident on the photodetectors and deviations in the LD power. As shown in appendix
A, all these imperfections lead to fringe patterns of the form:

(
⋅ (1 + V

)

Pout 1 = Pb1 ⋅ 1 + V1 ⋅ cos(φIP1 )
Pout 2 = Pb 2

)

2 ⋅ cos(φ IP 2 )

.

(2.36)

where the parameter Vi (iÎ{1,2}) is known as the fringe visibility or fringe contrast of
the corresponding interferometer output port. Since neither one of the output powers
can become negative, we have 0 ≤ Vi ≤ 1 . In the idealised interferometer of subsection
2.3.1 the fringe visibility is unity. As the desired phase information is carried by the
fringe term, a large fringe visibility is desired in a practical interferometer. A virtual
fringe visibility 0 ≤ V < ∞ can be obtained by considering the differential output
power Pout 1 − Pout 2 instead of one of the single output powers.
In order to eliminate the influence of an unknown fringe visibility parameter, an
additional Pout measurement at a fourth phase value fb,3 is required, to yield a set of
four equations with four unknowns. (the unknowns are Pb, V, fM and the scale factor
of fb,i, iÎ{0,1,2,3}). Of course the fringe visibility should be as high as reasonably
possible, but its exact value is not important if PMI phase tracking is used.
Imperfect technology II: phase bias

Another consequence of imperfect technology is an imperfect net cancellation of those
terms in the interferometer phase, which appear in addition to the MIOP fM(w). The
ideal interferometer phase was given by eq. (2.25), while eq. (A.12) in appendix A
gives the same quantity, including phase shifts of interference coupler and
conditioning circuit. To account for the extra phase terms explicitly, a phase bias
fB(w) is introduced, which yields, as a replacement of eq. (2.26), the following
expression for the interferometer phase:

φIP (ω ) = φB (ω ) − φ M (ω ) .

(2.37)

As is clear from eq. (A.12), the phase-bias term is composed of several individual
contributions. It will be assumed that the frequency dependence of all these terms can
be approximated, within a sufficiently small optical frequency range, by the model of
first-order chromatic dispersion. Then, in concordance with eq. (2.11), the phase-bias
term consists of a frequency-independent part and a frequency-proportional part:

φB (ω ) = φB ,d +

ω
⋅L .
c B,g

(2.38)
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The frequency-independent phase bias fB,d is due to the net dispersion, while LB,g can
be interpreted as a net group-bias length.
This phase-bias term will give rise to systematic deviations in both the optical and the
synthetic interferometer-phase. Its contribution to the measured optical
interferometer-phase is given by eq. (2.37) and can be calibrated in a relatively
straightforward way, as will be discussed in subsection 2.4.3. Its influence on the
absolute optical interferometer-phase, as estimated from the measured synthetic
interferometer-phase, is different however, as will now be shown.
First, we will define the synthetic phase bias fB,s(ws) by:

φB ,s (ω s ) = φB (ω1 ) − φB (ω 2 ) =
def

ωs
⋅ LB , g ,
c

(2.39)

where use has been made of eq. (2.38). Next, by employing eq. (2.37) in eq. (2.31),
the synthetic interferometer phase can be expressed as:

φIP ,s (ω s ) = φIP (ω1 ) − φIP (ω 2 )

(
) (
)
,
= (φ (ω ) − φ (ω )) − (φ (ω ) − φ (ω ))
= φB (ω1 ) − φ M (ω1 ) − φB (ω 2 ) − φ M (ω 2 )
B

1

B

2

M

1

M

(2.40)

2

= φB ,s (ω s ) − φ M ,s (ω s )

which has a form similar to eq. (2.37). As will be discussed in more detail in the
following chapter (subsection 3.6.1), in practice the absolute optical interferometerphase is estimated from the measured synthetic interferometer-phase by multiplication
with the calibrated value of the ALEF (given by eq. (2.34)):

φIP ,est (ω1 ) = ALEF ⋅ φIP ,s (ω s )

= ALEF ⋅ φB ,s (ω s ) − ALEF ⋅ φ M ,s (ω s )

.

(2.41)

Thus the synthetic phase-bias appears as a bias in the absolute optical interferometer
phase according to

φB ,est (ω1 ) = ALEF ⋅ φB ,s (ω s ) = ALEF ⋅

ωs
⋅ LB , g
c

,

L( 0) ⋅ N g( 0) ⋅ S Ma
ω1
1  ( 0)
 ⋅ LB , g
=
⋅ L B , g − ⋅  a + ( 0) L
N
c
c 
N g ⋅ S M + L( 0) ⋅ S M g 

(2.42)

while the actual optical phase bias, as given by eq. (2.38), is:

φB (ω1 ) = φB ,d +

ω1
⋅ LB , g .
c

(2.43)

The discrepancy between eqs. (2.42) and (2.43) results in an absolute systematic error
in the optical interferometer phase estimate:
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φB ,est (ω1 ) − φB (ω1 ) = −φB ,d


L( 0) ⋅ N g( 0) ⋅ S Ma
1  ( 0)
 ⋅ LB , g .
− ⋅  a + ( 0) L
N
c 
N g ⋅ S M + L( 0) ⋅ S M g 

(2.44)

This additional systematic phase error manifests itself only with the fringe-order
determination. A calibration procedure will be described in subsection 2.4.3.
We estimate that in practical IO interferometers the optical phase bias fB(w) can be as
small as 0.3 rad [156].
Dependence of fringe visibility on the spectral linewidth of the light source

In the ideal system the LD light source was assumed to be purely monochromatic, i.e.
to exhibit an infinitesimal small spectral linewidth. The light of real light sources has
a finite spectral linewidth and if such light is used in an interferometer, the resultant
distribution of output power is the integral of weighted single-frequency contributions
over the full spectral range. The greater the path difference between the interferometer
branches, the larger the spread of the interferometer phases associated with the
individual contributions will be and the more these contributions will compensate
each other. Thus, one consequence of the finite spectral linewidth is a decrease of the
fringe visibility at increasing interferometer phase1.
As is shown in appendix D, for the important practical case of a Lorentzian spectral
lineshape, the fringe visibility can be written as:
 τ 
V = V0 ⋅ exp − t  .

c

(2.45)

where t is the time delay difference of the interfering waves, as built up in the
interferometer, and tc is the coherence time of the light source. The coherence time is a
measure of the time interval over which the phase of the light remains predictable,
yielding an interference result with significant fringe visibility. The same concept can
be alternatively described in terms of the coherence length lc = c ⋅ t c . The coherence
time is inversely proportional to the spectral linewidth DnFWHM (full-width at halfmaximum, FWHM):
∆ν =

1
.
πt c

(2.46)

In the case of laser diodes, practical values of tc are in the order of nanoseconds
(spectral linewidth in the order of 100MHz, coherence length in the order of 1m).
Since the optical-path differences in most IO interferometers are much smaller, the
decrease of fringe visibility due to finite spectral linewidth of the LD remains
negligible. The coherence time of light-emitting diodes is much smaller than that of
laser diodes (spectral linewidth in the order of 10 GHz, coherence length in the order
of 10-5m), and is significant even in IO interferometers2.
1

Another consequence of finite spectral linewidth is phase noise in the interferometer. Phase noise will
be considered in subsection 2.4.2.

2

By using narrowband wavelength filters, the coherence length can be increased (coherence length in
the order of 10-3m, [158]). The narrow filter-bandwidth will result in poor power-efficiency.
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Deviations from the two-beam interference model: asynchronous fringe terms

The effects discussed so far only affect the parameters of the two-beam interference
model. Here we will consider parasitic errors that result in deviations from the twobeam interference model. These parasitic errors give rise to asynchronous two-beam
fringes in addition to the main fringe.
The fringe pattern in an ideal PMI system is of the form:

(

)

Pout = Pb ⋅ 1 + V ⋅ cos(φ PM − φ M )

(2.47)

where fPM is the phase induced by the phase modulator and fM is the MIOP. This fringe
pattern is the result of interference between two lightwaves. In practice additional
interference effects may occur, and these may cause deviations from the model of eq.
(2.47). Of specific interest here are interference effects of which the ‘interferometer
phase’ is not simply dependent on φPM − φM , but is hampered by a different
dependence on fPM or fM1. These interference effects will give rise to a fringe pattern
of the form:

(

)

(

)

Pout = Pb ⋅ 1 + V ⋅ cos(φ PM − φ M ) + ∑ Pj ⋅ cos φ j (φ PM , φ M )
j

(2.48)

where Pj is the power and fj(fPM, fM) the ‘interferometer phase’ of the jth fringe term.
We can distinguish between a number of phenomena that result in ‘additional fringes’
in the output power distribution. These phenomena are the following:
1) Spectral sidelobes of the LD emission [104]. The emission spectrum of practical
single-mode LDs is not strictly single-mode but contains small spectral sidelobes
due to amplified spontaneous emission at adjacent cavity modes [8].
2) Light in undesired propagation modes, e.g. light in the TM mode of a (monomode)
IO circuit which was designed for TE modes.
3) Coherent stray light may originate at discontinuities or disturbances to the optical
paths. A small part of this light may eventually recouple somewhere into a guided
mode of one of the guided optical paths and interfere locally with the guided
signal already present. As the modal power that is guided further in the circuit, is
affected by this local interference in an uncontrolled way, additional fringes will
arise. The most important source of stray light will probably be the arrangement
that serves to couple the light from the LD into the IO waveguide circuit. Typically
the coupling efficiency for such arrangements is in the order of 50% or less [133],
so that a large fraction of the emitted power may enter the substrate as stray light.
In general explicit expressions for the fj(fPM, fM) cannot be given, as they are strongly
dependent on the waveguide structure. Instead the nature of the phase errors will be
analysed by considering, in general, the influence of one extra asynchronous fringe
term Pj cos φ j (φPM , φ M ) in the fringe pattern, i.e.:

(

)

Additional interference effects for which fj(fPM,fM)=fPM-fM+fconst, with fconst a constant phase, are
synchronous with the main fringe and result in a constant phase-error only.
1

34

2 PRINCIPLES OF INTERFEROMETRIC MEASUREMENTS

(

(

)

)

Pout = Pb 1 + V ⋅ cos(φ PM − φ M ) + Pj ⋅ cos φ j (φ PM , φ M ) .

(2.49)

This expression can be rewritten in a form which directly shows the errors introduced
by the asynchronous fringe term:

( (

)

))

(

Pout = Pb 1 + 1 + a j ⋅ V ⋅ cos φ PM − φ M + δφ j .

(2.50)

Here aj is the error in the fringe visibility and dfj is the phase error. Expressions for aj
and dfj can be found using standard trigonometry. Under the assumption Pj << PbV ,
we obtain the approximations:
aj ≈

Pj
PbV

(

)

⋅ cos φPM − φ M − φ j (φ PM , φ M )

 Pj

δφ j ≈ arctan −
⋅ sin φ PM − φ M − φ j (φ PM , φ M )  .
 PbV


(

≈−

Pj
PbV

(

)

(2.51)

)

⋅ sin φPM − φ M − φ j (φ PM , φ M )

These expressions show that both phase error and visibility error are periodic in the
difference of the main interferometer phase and the interferometer phase fj of the
asynchronous fringe term. The maximum phase error in radians is equal to the ratio of
power of the asynchronous fringe (Pj) to the power of the main fringe (PbV). The
period of the error (i.e. the quantity φPM − φ M − φ j (φPM , φ M ) ) is strongly dependent on
the specific phenomenon causing it.
Minimisation of the phenomena yielding non-synchronous fringe terms is mainly a
technological challenge.
2.4.2 Random error sources
Noise phenomena affect the short-term repeatability of a measurement. In an
interferometric sensor the measurand is first converted into a phase change by means
of the optrode, and then into a power distribution by interference. The power
distribution is subsequently detected by photodetectors and processed by electronic
circuitry. At each point in this signal processing chain, noise sources can add to or
multiply with the measurand-induced signal.
In this subsection we will consider the influence of some inevitable noise sources in
interferometry: intensity noise and phase noise. The influence of these noise sources is
to produce errors in the phase measurement, i.e. they are responsible for the phase
errors df as introduced in the previous subsection.
Excess laser-intensity noise and shot noise

Intensity noise refers to random fluctuations of the light power (intensity).
Fundamental to most light sources is that individual photons are emitted at random
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times and independently of each other1. These emission processes obey Poisson
statistics and the resulting intensity noise is known as shot noise. In practical (laser
diode) light sources additional noise processes (including those of the driving circuit)
will raise the total intensity noise level. Usually these so-called excess fluctuations
affect large numbers of photons simultaneously, an aspect that may be exploited in
excess noise cancellation techniques, such as described in [169,180]. In subsection
2.4.4 the reduction of the influence of excess laser intensity noise will be addressed.
Next we shall consider the shot-noise-imposed fundamental limit on the variance of
random phase errors. We start by writing once again the two-beam fringe pattern:

(

)

Pout = Pb ⋅ 1 + V ⋅ cos(φ PM − φ M )

(2.52)

and take the derivative with respect to the MIOP:

∂Pout
= Pb ⋅ V ⋅ sin(φ PM − φ M )
∂φ M

(2.53)

Small fluctuations in the detected optical power, dPout, can be referred to equivalent
phase fluctuations dfM in the measured MIOP. For the corresponding variances we can
write:

δφ M

2

 ∂P 
=  out 
 ∂φ M 

−2

⋅ δPout 2 .

(2.54)

In the case of shot noise the variance of the detected power fluctuations equals [174]:
2
δPout
= 2hν ⋅ Pout ⋅ ∆f ,

(2.55)

where hn is the photon energy and Df is the detection bandwidth. By combining these
equations we can calculate the rms fluctuations in the MIOP according to:

δφ M 2 =

1
V

(

) ⋅ ∆f

2hν ⋅ 1 + V ⋅ cos(φ PM − φ M )
Pb ⋅ sin (φPM − φ M )
2

(2.56)

The magnitude of the rms phase error is dependent on the interferometer phase
φPM − φ M . If the interferometer is biased in a quadrature point (see figure 2.4), eq.
(2.56) can be simplified towards:

δφ M 2 =

1

1
V

2hν ⋅ ∆f
1 1
= ⋅
Pb
V SNR

(2.57)

Currently there is much research going on in the field of squeezed light. In squeezed light the
randomness of photon emission is reduced, resulting in intensity noise which is smaller than predicted
by Poisson statistics. Hence this is also known as sub-Poissonian noise [10,186]. In this thesis shotnoise is considered to be the fundamental intensity noise limit.
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Here SNR is the signal-to-noise ratio of the detected optical power1. For a typical
detected power of 1 mW at λ = 850nm , unity fringe-visibility and a detection
bandwidth of 100 Hz, the rms phase error due to photon shot noise amounts to

δφ M2 = 7 µrad .
It should be stressed that this result represents the fundamental limit due to photon
shot noise. Other noise sources (e.g. electronic amplifier noise, phase noise) will raise
the noise level in a practical system. Their influence on the rms phase fluctuation can
be calculated in a similar way.
Phase Noise

Next we shall discuss some noise sources which directly add to the interferometer
phase and thus to the MIOP. One obvious source of phase noise is the electronic
circuitry driving the phase modulator. Also random fluctuations in the domain of the
measurand give rise to phase noise.
A slightly more subtle source of interferometer phase noise, which is known to be
important in fibre-optic interferometers, is the laser-diode phase noise. Laser-diode
phase noise refers to the random fluctuations in the instantaneous phase of the emitted
wave. One of the manifestations of these phase fluctuations is the finite spectral
linewidth of the laser emission (see appendix D). In contrast to the previously
mentioned phase noise sources in interferometers, the contribution from laser phase
noise is zero for a balanced interferometer and increases linearly with increasing
interferometer phase. This can be understood by noting that the laser phase
fluctuations occur in both interferometer arms simultaneously, yielding a net
fluctuation of the interferometer phase only for non-zero interferometer phase.
The calculation of the equivalent rms MIOP error due to the laser phase noise is given
in appendix D and is based on the derivation presented in [177]. If the interferometer
is biased in one of the quadrature points, the rms error in the MIOP equals:

δφ M2 =

2
⋅ τ ⋅ ∆f ,
tc

(2.58)

where |t| is the magnitude of the interferometer time-delay difference and tc is the
coherence time of the laser diode, and Df is the detection bandwidth. For a typical
coherence time of 3ns (1m coherence length) and a maximum interferometer delay
difference of 3ps (1mm path difference) the rms phase fluctuation in a 100 Hz
detection bandwidth amounts to 1 mrad, which is well below the shot-noise limit
calculated previously.
Frequency deviations

The optical and synthetic frequencies may deviate from their nominal values due to
several effects. If these frequency deviations are not detected in some way, they must
be treated as random errors.
1

We adopt this terminology since it is commonly used in the literature. However it should be noted that
the term ‘signal’ can be somewhat confusing because the total detected optical power is not the
information carrying quantity.
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An error in the optical frequency causes the proportionality constant KM(w), which
links the measurand M to the measurand-induced optical phase (MIOP), to deviate from
its calibrated value (see eq. (2.30)). The result of an error in the optical frequency
therefore is a relative error in the value of M that is inferred from the measured MIOP.
An error in the synthetic frequency, in a similar way, causes the actually required
ambiguity length extension factor (ALEF) to deviate from its calibrated value (see eq.
(2.34)). This will result in a relative error in the absolute MIOP that is estimated from
the measured MISP. At large values of the MIOP the absolute error in the MIOP estimate
may amount to more than p, and this will prohibit correct fringe-order determination.
The tolerable error level for correct fringe-order determination will be investigated in
more detail in subsection 2.4.5.
The most prominent causes of frequency deviations are associated with temperature
variation. We can distinguish between two major effects. The first effect is the
temperature-induced change of the optical length of the laser-diode cavity. A typical
value of the temperature coefficient of the laser frequency for this effect is -100
ppm/K [170]. The second effect which causes frequency deviations is mode hopping,
and this occurs in Fabry-Perot laser diodes. It is caused by the fact that the frequency
of the lasing medium gain-peak increases stronger with temperature than does the
resonance frequency of the cavity mode. When the temperature changes over a
sufficiently large range, the emission frequency makes discrete hops to the resonance
frequencies of adjacent cavity modes. The temperature coefficient of the gain-peak
frequency of the lasing medium is two to five times larger than that of the cavity
resonance frequency. The net result of both effects is that the laser frequency changes
with -100 ppm/K over small temperature regions in-between mode hops and, due to
mode hopping, with an overall temperature coefficient of up to -500 ppm/K over
larger temperature regions [8]. Mode hopping can be avoided by using special, more
expensive, laser structures (distributed feedback, DFB or distributed Bragg reflector,
DBR) which do not have adjacent cavity modes.
Besides temperature another potential cause of laser frequency deviations is optical
feedback into the laser cavity. Such feedback may result from parasitic reflections [8].
One potentially important source of such reflections is the arrangement that serves to
couple the laser light into the waveguide circuit. Optical feedback may result in a nonlinear relation (typically an undulation) in the relation between laser injection current
and laser frequency [104]. Minimisation of optical feedback is a technological
challenge, possibly involving the use of optical isolators (unidirectional transmission
devices).
2.4.3 Calibration of important systematic errors
The optical phase bias fB(w) is considered to be the most important remaining
systematic error. As shown in subsection 2.4.1, the phase bias is manifest in two
different ways: (1) directly in the measured optical interferometer-phase, and (2) in the
absolute optical interferometer-phase estimate by means of the synthetic
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interferometer-phase. In this subsection calibration procedures for both effects are
presented1.
Calibration of the optical phase bias

In subsection 2.4.1 we considered the systematic errors resulting from a non-zero
phase-bias term fB(w) in the optical interferometer phase. Besides its direct
contribution to the measured optical interferometer-phase (fIP(w1)), there is a different
contribution from the phase-bias to the absolute optical interferometer-phase fIP,est(w1)
that is estimated from the synthetic interferometer-phase by multiplication with the
ALEF factor (eq. (2.41)). The difference between both phase-bias values is given by eq.
(2.44). Figure 2.6 illustrates the phase-bias values in the measured optical
interferometer-phase fIP(w1) and in the estimated optical interferometer-phase
fIP,est(w1), both as a function of the measurand M.

Fig. 2.6 Actual (fIP) and estimated (fIP,est) interferometer phase as a function of the measurand
M. Also shown is the MIOP (fM).

A phase tracker can only track the optical interferometer phase, including the phase
bias fB(w1) (rather than the MIOP alone). In order to yield the MIOP, the output signal of
the phase tracker must therefore be corrected with the phase bias fB(w1), according to:

{

}

φM (ω1 ) = −φIP (ω1 ) + φB (ω1 )

cal

,

(2.59)

where the subscript ‘cal’ expresses that the bias is a calibrated quantity. The quantity
that should be loaded into the phase tracker is also the (fringe order of the) optical
interferometer-phase. Thus the systematic error that must be corrected for in the
fringe order determination is the quantity φB ,est (ω1 ) − φB (ω1 ) of eq. (2.44), rather than
fB.est(w1). This correction is expressed by2

{

}

φIP (ω1 ) = φIP , est (ω1 ) − φB ,est (ω1 ) − φB (ω1 )

cal

,

(2.60)

1

As with the calibrations of ALEF and KM, a possible temperature dependence of both calibrated
quantities will not be considered.
2

In principle this bias correction could be performed as well in terms of either the optical phase
measured at w2, or the synthetic phase measured at ws. The presently proposed correction has the
advantage that all phase quantities refer to the same optical frequency w1.
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In the following text we will describe the calibration of the quantities fB(w1) and
φB ,est (ω1 ) − φB (ω1 ) .
These calibrations must be performed in the factory and require exposure of the
optrode to a standard Mst (possibly M st = 0 ) in the domain of the measurand. The
procedure can be easily combined with the factory calibration procedures for the ideal
system described in subsection 2.3.51. While the standard Mst is being applied,
measurements of the interferometer phase are performed, yielding both fIP(w1) and
fIP,s(ws).
From eqs. (2.29), (2.37) and (2.41) we have the following identities:

φB ,est (ω1 ) = φIP ,est (ω1 ) + φ M st ,est (ω1 )

φIP ,est (ω1 ) = ALEF ⋅ φIP ,s (ω s )

φB (ω1 ) = φIP (ω1 ) + φ M st (ω1 )

.

(2.61)

φ M st ,est (ω1 ) = φ M st (ω1 ) = K M ⋅ M st
def

def

The latter relation expresses the fact that φM st , est (ω1 ) and φM st (ω1 ) are known by
calculation (not by measurement) since Mst is known, and since both KM and ALEF
have been determined with the ideal system calibrations. Using the relations in eq.
(2.61), we can easily express the quantities to be calibrated fully in terms of measured
(fIP(w1) and fIP,s(ws)) quantities, a standard (Mst), and previously calibrated (ALEF,
KM) quantities:

{φ (ω )}
B

1

cal

= φIP (ω1 ) + K M ⋅ M st ,

{φ (ω ) − φ (ω )}
B , est

1

B

1

cal

(2.62)

= ALEF ⋅ φIP , s (ωs ) − φIP (ω1 ) ,

(2.63)

Note that as the measurement of fIP(w1) is hampered by the fringe-order ambiguity,

{

}

the same is true for the quantities {fB(w1)}cal and φB ,est (ω1 ) − φB (ω1 )

cal

. However,

provided that the integer multiple of 2p is assigned to fB(w1) consistently, its actual
value is arbitrary. This can be seen by noting from eqs. (2.60), (2.59) that consistent
replacement of fB(w1) by φB (ω1 ) + l ⋅ 2π , with l an integer, does not alter the final
result for fM(w1)2.

1

The influence of bias values is cancelled out in the calibration procedures for the ALEF and KM for the
ideal system, since these calibration procedures concern the variations of the MIOP and MISP, induced
by variation of M. Strictly speaking the calibration procedures for the ideal system should be performed
prior to the present bias calibration, but in practice both procedures can be easily combined.
Although these equations would seem to indicate that the fractional-fringe part of fB(w1) is also
irrelevant, it should be kept in mind that the phase tracker always measures the fractional-fringe part of
the interferometer-phase fIP(w1) in eq. (2.59).
2
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2.4.4 Reduction of random errors
Next, the basics of the reduction of some random error sources will be briefly
addressed. These subjects will be worked out in more detail in chapter 3.
Reduction of frequency errors

Causes of frequency deviations were discussed in subsection 2.4.2. Most important is
temperature-induced frequency drift. Reduction of frequency errors can be
accomplished by controlling the laser-diode frequency by means of the injection
current1 (using the associated modulation of the heat dissipation to change the
temperature). The detection of laser-frequency errors can be performed either directly
by using an optical frequency discriminator or indirectly by measuring the laser
temperature. The laser temperature can be measured for instance by means of a
thermal sensor in close contact with the LD or from the laser junction voltage under
constant injection current conditions.
A suitable way to measure the LD frequency directly is by using an optical frequency
discriminator. This can be an unbalanced reference interferometer on the sensor chip.
The laser frequency is adjusted such (by injection current modulation or an external
method) that the reference interferometer phase is kept at a predefined set point. More
details of this method will be given in the following chapter (section 3.7).
Reduction of excess laser-intensity noise

The subject of excess laser-intensity noise was introduced together with shot noise in
subsection 2.4.2. In contrast to shot noise, the excess intensity noise concerns
fluctuations involving many photons simultaneously. Therefore, if the light from a
source, containing excess intensity noise, is divided over more than one photodetector,
the excess fluctuations in the detectors will be correlated. This phenomenon can be
exploited to reduce the influence of excess intensity noise [180].
If the interferometer is equipped with differential output ports, i.e. when both outputs
powers Pout1 and Pout2 are detected (see eq. (2.13)):
Pout 1 (t ) = Pb1 + Pf ⋅ cos(φIP (t )),

Pout 2 (t ) = Pb 2 + Pf ⋅ cos(φIP (t ) + π )

,

(2.64)

the excess fluctuations in the differential detected power Pout 1 − Pout 2 will cancel each
other out if Pout 1 = Pout 2 [169]. This cancellation will not occur for the shot noise,
since the associated fluctuations at each detector are uncorrelated.
Provided that the background powers Pb1 and Pb2 are matched, full cancellation of the
excess noise occurs at the quadrature points ( φIP = (m + 21 )π ). In subsection 3.4.1 we
shall describe a method that exploits this cancellation.

1

In many bulk LD-based optical systems thermoelectric (Peltier) coolers are used to stabilise the laserchip temperature [160,161]. Because these devices are both bulky and costly they are believed to be
less attractive for integrated sensor systems.
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2.4.5 Error budget allowing a correct fringe-order determination
This subsection is devoted to the tolerable levels of the errors that affect the reliability
of the fringe-order determination. This subject is of special importance as an incorrect
integer fringe order will persist in the phase tracker after it has been loaded.
The aim of the fringe-order determination is to obtain the integer fringe order of the
interferometer phase at the actual optical frequency. The correctness of the fringeorder determination may be threatened by errors in the optical frequency and the
synthetic frequency, as well as by errors in the measured synthetic phase (which is the
difference between two measured optical phases). Possible causes of these errors have
been mentioned in the previous subsections. Here we will determine the maximum
values of these errors which still allow a correct determination of the integer fringe
order. It will be assumed that the optical phase bias is small compared to the range of
the operational range of the MIOP, and its influence will be disregard 1.
Consider the determination of the absolute MIOP estimate from a measured MISP. If the
actual optical and synthetic frequencies are given by ω1 + δω1 and ω s + δω s
respectively, the errorless absolute MIOP at the optical frequency ω1 + δω1 would be
given by (see eq. (2.34)):

φ M ,els (ω1 + δω1 ) = ALEF (ω1 + δω1 , ω s + δω s ) ⋅ φ M , s (ω s + δω s ) ,

(2.65)

where ALEF(w1+dw1, ws+dws) is the required ALEF factor and fM,s(ws+dws) is the
errorless MISP at the synthetic frequency ω s + δω s . In reality however the absolute
MIOP at the optical frequency ω1 + δω1 is estimated according to:

(

)

φ M ,est (ω1 + δω1 ) = ALEF (ω1 , ω s ) ⋅ φ M ,s (ω s + δω s ) + δφ M ,s (ω s + δω s ) ,

(2.66)

where ALEF(w1, ws) is the calibrated ALEF factor and dfM,s(ws+dws) is the
measurement error related to the MISP. To allow a correct fringe-order determination,
the absolute difference between the estimated and the errorless result is required to be
less than p:

φ M ,est (ω1 + δω1 ) − φ M ,els (ω1 + δω1 ) < π .

(2.67)

This condition can be rewritten as:

( ALEF (ω ,ω ) − ALEF (ω
1

s

1

)

+ δω1 , ω s + δω s ) ⋅ φ M ,s (ω s + δω s )
+ ALEF (ω1 , ω s ) ⋅ δφ M ,s (ω s + δω s ) < π

.

(2.68)

Using eq. (2.34) we can express the ‘error’ in the ALEF as follows:

1

If the phase bias were significant, its effect would be to magnify the weighting factor of the
contribution of relative frequency-errors to the error budget. In fact this represents an important
motivation for designing the interferometer at zero nominal phase bias (both optical and synthetic phase
bias).
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∂ALEF
∂ALEF
⋅ δω1 −
⋅ δω s
∂ω1
∂ω s
,(2.69)
δω1
δω s
=−
+ ALEF ⋅
ωs
ωs

ALEF (ω1 , ω s ) − ALEF (ω1 + δω1 , ω 2 + δω 2 ) ≈ −

and rewrite the condition for a correct fringe order determination:

δω1
δω s 
−
 ⋅ φ + δφ M , s ⋅ ALEF < π .
+
 ALEF ⋅ ω s ω s  M ,s

(2.70)

Not surprisingly the ‘weight’ of a measurement error in the synthetic phase is
proportional to the ALEF factor. The weights of relative frequency errors are
proportional to both the ALEF factor and the MISP. This is directly seen for the
synthetic frequency and it is approximately true for the optical frequency since
ALEF ⋅ ω s ≈ ω1 when dispersion-related terms in ALEF are neglected (see eq. (2.34)).
The influence of relative frequency errors is reduced if these errors are correlated,
which may be the case in certain circumstances.
Eq. (2.70) is important for the dimensioning of a practical system, as it gives the error
budget for relative frequency errors and phase-measurement errors.

2.5 SUMMARY AND CONCLUSIONS
In this chapter we have investigated the fundamental problems related to IO
interferometric measurements that are of importance for an interrogation system and
we have outlined the principles of solutions to these problems. Also the practical
problems arising from non-idealities and some remedies have been considered.
The fundamental problems of interferometry that arise when the optical phase is
inferred from power measurements, are the directional ambiguity and the fringe-order
ambiguity, as well as the non-linearity of the periodic fringe pattern which results in
fading of the detection sensitivity (subsection 2.3.2). Also the uncertain background
power in the fringe pattern of the idealised system must be dealt with.
In order to solve these fundamental problems, interrogation systems should, in
general, be composed of a (hybrid) combination of two different functions: phase
tracking to overcome directional ambiguity, sensitivity fading and unknown
background power (subsection 2.3.3), and fringe-order determination to overcome the
fringe-order ambiguity. There are some specific situations in which the combination
of techniques is not required (subsection 2.3.6). Nevertheless in this thesis we will
concentrate on hybrid systems.
It is concluded that phase tracking based on phase-modulation interferometry (PMI) is
the most suitable approach for IO interferometric sensing systems (subsection 2.3.3).
In contrast, phase tracking based on the static phase-bias diversity method is relatively
inaccurate and unreliable, whereas heterodyne interferometry requires an IO frequency
shifter, of which the implementation is more difficult than that of IO phase
modulators.
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The fringe-order determination will be based on the use of a relatively small synthetic
frequency, to be realised as the difference between two optical frequencies (subsection
2.3.4). The phase measurements made at the synthetic frequency are unambiguous and
can be used to load the phase tracker with the correct integer optical fringe order.
The simple model for optical-phase modulation leads to analytical expressions that
provide valuable insights into various aspects relevant to interferometric sensor
interrogation (subsection 2.2.2). The model is based on the linear (first-order)
dispersion approximation, valid within a small frequency range, and on linear
interaction with the measurand (or an intermediate variable).
For coherent interferometry, laser diodes are preferred over LEDs because of their
much larger coherence length. Achieving reasonable coherence lengths with LEDs
requires narrowband optical filtering, which is very wasteful in terms of power
(subsection 2.4.1).
To account for non-idealities, an analysis of the influences of several sources of
systematic and random errors has been performed. Non-optimal coupling constants,
various optical losses, as well as other effects, cause deviations of the background
power, and lead to a relative reduction of the fringe power, as expressed by the fringe
visibility. The optical phase bias in the interferometer is considered to be another
important systematic error. Excess laser-intensity noise and noise in the electronics as
well as frequency deviations of the laser frequency are considered to be the most
important sources of random errors.
The non-optimal fringe visibility (V ≠ 1) represents an additional uncertain fringepattern parameter (subsection 2.4.1). It is easy to make PMI phase trackers
insusceptible to this uncertain ‘power’ parameter. Nevertheless the interferometer
should be designed for maximum fringe visibility so as to maximise the useful optical
signal. A large fringe visibility (ideally infinite) can be obtained in an interferometer
with differential output ports by subtracting the output currents from each other
(subsection 2.4.1). This method of approach also reduces the influence of excess laser
intensity noise (subsection 2.4.4).
Several calibrations are necessary to make an interrogation system operate accurately.
These calibrations concern both the values of functional parameters in an ideal system
(subsection 2.3.5) and the magnitude of systematic errors (subsection 2.4.3).
Functional parameters that must be calibrated are the proportionality constants KM,
ALEF (ambiguity-length extension factor) and the phase modulator scale-factor. An
important systematic error that must be calibrated is the optical phase bias fB(w). In
fact fB(w) requires an additional second calibration to obtain the magnitude of its
influence on the fringe-order determination by means of the synthetic interferometer
phase. Most of the calibrations must be performed in the factory, and involve
exposure to different values of an artificial measurand. The only exception is the scale
factor of the phase modulator, employed in PMI phase trackers. This scale factor can
be calibrated autonomously, by using the periodicity of the fringe pattern.
An expression for the error budget that allows a correct fringe-order determination has
been established (subsection 2.4.5). It relates the maximum errors in optical
frequency, synthetic frequency and synthetic-phase measurement. The influence of
relative frequency errors is proportional to the MIOP; the influence of synthetic phase
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errors is proportional to the ALEF factor. It may be necessary to use a frequencystabilisation scheme as a peripheral function in an interrogation system.
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As stated in chapter 2, our focus is on hybrid interrogation systems in which a phase
tracker and a fringe-order determinator are combined in order to realise high-dynamic
range sensing of quasi-static measurands. Based on the principles outlined in the
previous chapter and tailored to the specific requirements imposed, and depending on
the possibilities offered by IO, we shall present several techniques for phase-tracking
and fringe-order determination. As argued in chapter 2, the phase modulation
interferometry (PMI) approach will be adopted for the phase trackers; the synthetic
phase measurements required for fringe-order determination are realised by means of
phase tracking at different laser frequencies.
It is remarked that the principles of most techniques are derived from the more
classical application fields of interferometry: fibre-optic interferometry, optical
ranging and surface profile measurements. This is also where most literature of
interest can be found. With regard to these techniques this chapter presents a
reconsideration of their viability as well as a tailoring to the present context (miniature
sensor systems to be realised in IO and microelectronic technologies)1.
In order to make this chapter comprehensible for readers lacking a background in the
classical application fields of interferometry, we have tried not to overemphasise the
differences between these fields and the present field of IO interferometry. Therefore,
the presentation is restricted to interrogation techniques that are believed to be viable
for coherent IO interferometry. Reviews of fibre-optic interrogation techniques are
available in [4,6,24,25,31], a review of free-space interferometry can be found in [70].
Organisation

In section 3.1 we will give an overview of the structure of an IO interferometric
interrogation system and we will review the desired functions. The subsequent three
sections are devoted to phase-tracker issues. First, in section 3.2 the requirements on
phase-modulation interferometry (PMI) phase trackers will be discussed. Next, in
section 3.3 the principles of functional building blocks for phase trackers will be
considered. Finally, to conclude the subject of phase trackers, section 3.4 deals with
different individual phase-tracking techniques. In all three sections attention will also
be paid to the peripheral function of calibrating the phase modulator scale factor.
The subject of fringe-order determination is also dealt with in three sections.
Performance aspects are presented in section 3.5. The procedure for the determination
of the fringe order from the measured synthetic phase, and several individual
techniques to implement synthetic phase measurements, are treated in section 3.6.
Section 3.7 presents details of a technique to stabilise both the optical and synthetic
frequencies.
Finally, conclusions belonging to this chapter are presented in section 3.8.

1

Note that in the design of electronic circuits and systems practice and methodology are greatly
affected as well by the possibilities and constraints related to the technology. For instance, the design of
circuits and systems using discrete components differs significantly from their design in integrated
circuit (chip) technology. The situation for electro-optical circuits and systems is similar.
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Novel aspects

Novel aspects addressed in this chapter include:
1) the systematic investigation of the possibilities for PM scale-factor tuning
mechanisms in various phase-tracking techniques (section 3.4),
2) the use of squarewave AC phase biasing to reduce the influence of excess laserintensity noise (subsection 3.4.1),
3) a phase-locking technique which is suited for use with small operational-range
optical-phase modulators, due to a special reset mechanism (subsection 3.4.2),
4) the introduction of a novel phase-scanning technique (subsection 3.4.2),
5) a proposal for the use of stepwise fringe sampling
interferometers (subsection 3.4.6),

PM

waveforms in

IO

6) a novel method of diplexing dual wavelengths on a single interferometer by using
dual-frequency AC phase modulation (subsection 3.6.2),
7) a proposal for a dual-LD frequency-stabilisation technique based on a reference
interferometer on the IO substrate (section 3.7).

3.1 STRUCTURE OF AND FUNCTIONALITY IN INTERROGATION SYSTEMS
In chapter 2 we have presented the basic principles for overcoming the fundamental
difficulties encountered with coherent interferometric measurements. In agreement
with these principles, an interferometric interrogation system is in general a hybrid
composition of techniques for phase-tracking and fringe-order determination. In this
section the interrogator structure will be described in more detail and the different
functions required will be identified.
Global overview of a hybrid interrogation system

Figure 3.1 gives a global impression of the main functions in a hybrid interrogation
system and their interdependencies. Five different functional sections are shown. The
optical source unit (1) delivers optical power of well-controlled frequency to the
interferometer. Apart from one or more laser diodes, it may include functions for
frequency control (stabilisation and/or modulation) and for optical conditioning
(diplexing of multiple optical frequencies on the interferometer). The interferometer
(2) interfaces with the phase-tracking unit via electronic conditioning (3) circuitry.
The photocurrent signal from the photodetector is conditioned by the detection frontend, while the actuation back-end drives the optical phase modulator (PM) in the
interferometer. To achieve a well-defined scale factor for the cascade of actuation
back-end and the optical-phase modulator, the gain factor of the back-end is
electronically tuned by the PM scale-factor tuning block in the phase-tracking unit (4).
The phase tracker generates the signals for phase modulation and determines the
interferometer phase from the conditioned photocurrent signal. To eliminate the
fringe-order ambiguity, the phase at different optical frequencies is tracked; the
difference of these phases, i.e. the synthetic phase, enables the fringe-order
determination unit (5) to determine the fringe order. In order to accomplish tracking of
the phase at different optical frequencies, the fringe order determination unit may
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either have to vary the laser frequency in a well-controlled way, or may have to
multiplex light of different frequencies (optical conditioning). The fringe-order
determination involves two calibrated quantities: the ambiguity length extension
factor (ALEF), and the systematic phase bias error {fB,est(n1)-fB(n1)}cal, both introduced
in chapter 2. The fringe order determined accordingly is then loaded into the phase
tracker and, from that time on, the output signal of the phase tracker represents the
absolute interferometer phase. After correcting for the calibrated phase bias {fB(n1)}cal
and after accounting for the scale factor KM(n1), the phase tracker output signal
represents the measurand M1. In practice it may be necessary to further manipulate this
output quantity (involving, for example, linearity correction and data fusion) in a postprocessor (6). The post-processor will not be considered further in this study.

Fig. 3.1 Structure of a hybrid interrogation system.

Main functions and peripheral functions

From the multitude of interdependencies in the hybrid interrogation system of figure
3.1, we discern two main functions and two peripheral functions. The distinction
between the two main interrogation functions of phase-tracking and fringe-order
determination is reflected in the structure of the present chapter. The most important
peripheral functions are the PM scale-factor tuning, the optical frequency control, and
the optical conditioning. The peripheral functions are closely related to either of the

1

For the sake of simplicity we will disregard the phase bias in this chapter and use the terms
measurand-induced optical phase (MIOP) and interferometer phase as synonyms from now on.
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two main functions and they will therefore be treated together with these main
functions.

3.2 REQUIREMENTS FOR PHASE TRACKING AND PHASE-MODULATOR
TUNING
In this section we will state the requirements for phase-tracking techniques. Also
criteria for evaluation and comparison of phase modulator (PM) scale-factor tuning
techniques will be given.
3.2.1 Requirements for phase trackers
Use of electro-optical phase modulators

Already in subsection 2.3.3 we chose to use Phase Modulation Interferometry (PMI) as
the basic principle for phase tracking. Integrated optical-phase modulators based on
the linear electro-optic effect (Pockels effect) are best suited because of their
wideband operation and their small influence on the environment. Although thermooptic (or mechano-optic) phase modulators offer a larger operational range they are
inferior with regard to bandwidth, while the former also thermally influences the
environment (the substrate and adjacent components).
The specific possibilities and limitations implied by the use of electro-optic phase
modulators are responsible for some of the major differences between phase trackers
for IO interferometers and those for fibre-optical or free-space optical interferometers.
The large bandwidth of electro-optical phase modulators allows high modulation
frequencies, while the poor sensitivity in conjunction with the limitations on the
driving voltage of integrated electronics, implies a small operational range.
Small peak-peak phase modulation

The small operational range of electro-optical phase modulators implies that phase
trackers should use small peak-peak phase modulation. In principle the operational
range can be increased by increasing the interaction length of the optical phase
modulator, but there are some obvious practical limitations (e.g. load capacitance and
permissable total length of the system). We will strive for a peak-peak phase
modulation that is as small as possible.
Digital representation of the unwrapped measurand-induced optical phase
(MIOP)

It is assumed in this thesis that the operational range of the optrode exceeds one single
interference fringe. Therefore the phase-tracking range has to exceed one single fringe
too. Although the literature gives several examples of systems in which the full
operational range of the optrode is linearly (monotonously) mapped onto an
equivalent analogue electrical signal [56,76,82,96], we consider this to be a rather
unattractive approach. Because of the periodic character of the fringe pattern, we take
the view that the representation range of the MIOP-equivalent analogue signal should
not significantly exceed one fringe. Then the dynamic range of analogue electronics
can be exploited optimally. Thus, an analogue signal representation should only be
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used for the wrapped MIOP (i.e. the MIOP modulo 2p) while a digital representation
should be used for the unwrapped MIOP. A digital signal representation does not
present any fundamental limitation on the range.
Inherently linear phase measurement

In the literature one may find a great variety of interrogation principles which are only
approximately linear in certain regimes of the MIOP. Representative examples can be
found in [53,57,66,77,79,94]. This chapter considers only inherently linear phasetracking techniques.
Simple processing and realisations on a small chip area

Although some digital signal processing is foreseen, the use of complex algorithms
will be avoided. We prefer relatively simple signal processing, with the opportunity of
semicustom IC realisations (ASIC) on a small chip area.
Background cancellation by AC phase modulation and AC photocurrent
processing

One of the advantages of the availability of wideband IO phase modulators is that a
variety of AC phase modulation schemes can be used. Combined with the processing
of the AC component of the photocurrent signal, this provides the essential feature of
automatic cancellation of the additive influence of the optical background power.
Referring to subsections 2.3.3 and 2.4.1, it can be stated that automatic background
cancellation eliminates one of the unknown parameters of the two-beam fringe pattern
(the two unknowns Pb and V being replaced by the single unknown PbV). Automatic
background cancellation also reduces quasi-static additive error terms originating
from the front-end photodetection electronics (offset, drift, 1/f noise).
In all phase-tracking techniques of this chapter, AC optical-phase modulation is
employed and processing of the photocurrent signal is restricted to the AC part only.
Operation unaffected by the photocurrent proportionality constant

As was mentioned in subsection 2.4.1, the proportionality constant of the photocurrent
signal (being the product of several factors, e.g. the optical fringe power and amplifier
gain factor) is an uncertain quantity which may even vary during operation. The
output signal produced by a phase-tracker should therefore be independent of the
precise magnitude of this proportionality constant.
Tracking-rate limitations

The tracking-rate capability of a phase tracker (i.e. the maximum trackable phasechange per unit of time) should be dimensioned to comply with the maximum
expected rate of change of the measurand. Dynamic variations of the measurand
usually result in a (small) dynamic tracking error. When the measurand achieves a
steady-state this error should disappear again. However, if the measurand changes too
rapidly, the tracking error might grow so large that cycle-slips occur: the tracker loses
track and when the steady-state is finally achieved, a phase error of an unknown
integer number of fringes persists.
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An increase of the cycle-slip probability can be inferred from the agility of the phasetracker output signal variations. This is considered to be a task of the post-processor.
The fringe-order determinator can be invoked to reload a credible fringe-order into the
phase tracker.
3.2.2 Comparison criteria for phase-modulator tuning techniques
The necessity of calibrating the phase modulators in PMI was outlined in subsection
2.3.5. In this chapter we will take the approach to tune the gain of the phase modulator
driving circuitry so as to set the scale factor of the cascade of driving circuitry and
phase modulator at a predetermined desired value1. Automatic PM tuning has seldomly
been addressed in the literature.
Since the phase modulator is shared by the phase tracker and the scale factor tuning
subsystem, compatibility issues may impose requirements on the operation of the
tuning procedures. In this subsection these compatibility issues will be introduced.
They form the criteria on which different tuning techniques will be compared in
section 3.4.
Operational modes: self-triggered, actively-invoked or quasi-continuous

The permissible maximum time span between subsequent PM tuning actions depends
on the expected scale factor drift. We will distinguish between three different
operational modes of the PM tuning mechanism: self-triggered, actively-invoked and
quasi-continuous. In the case of self-triggered operation there is no external control
over the instants at which tuning actions are performed: the tuning actions are
triggered by the MIOP. A higher degree of flexibility and reliability is obtained if the
tuning mechanism can be actively invoked (on instigation of a built-in measurement
protocol). The highest reliability is obtained if the tuning mechanism is operated
quasi-continuously. Quasi-continuous operation is amongst others required if the
fringe order determinator (in which the phase tracker is used) employs continuous
modulation of the optical frequency. (recall that the phase modulator scale factor is
proportional to the optical frequency).
Phase-tracker interruption

An aspect that determines to a significant extent which mode of operation will be
appropriate for the PM tuning mechanism, is the fact whether interruption of the phase
tracker is permitted or not. If interruption is permitted, the actively-invoked mode of
operation can be used, otherwise the quasi-continuous mode of operation is required.
Whether phase-tracker interruption in turn is permitted or not, is determined by the
product of the expected maximum rate of change of the MIOP and the duration of the
interruption.

1

An alternative approach would be to measure the scale factor and make a correction to the phasemeasurement result. This tends to increase (computational) complexity and provides no significant
advantages to other aspects. Examples are given in [92,70].
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Operational independence on the measurand

As the phase modulator is incorporated in an interferometer structure that also
includes the optrode, the operation of the PM tuning mechanism may be affected by
the behaviour of the MIOP fM. A desirable feature of a PM tuning technique therefore is
the capability to operate independently of the MIOP. The application (statistics of the
measurand) determines the significance of this feature.
Phase modulator operational-range increase

Preferably the required optical PM amplitude for PM tuning should not significantly
exceed the corresponding value required for phase tracking.

3.3 BUILDING BLOCKS FOR PHASE TRACKERS
In this section we shall discuss the general functions and building blocks on which
phase trackers and PM tuning schemes are based. They will be applied in section 3.4.
Subsection 3.3.1 discusses (the suitability of) several waveforms for optical-phase
modulation in interferometers as well as the resulting modulation formats of the
photocurrent signal. Coherent demodulation for these photocurrent-signal formats is
the subject of subsection 3.3.2. Digital phase unwrapping (subsection 3.3.3) is the
function that enable phase-tracking over more than one fringe by memorising and
updating the current fringe-order. The use of a reference interferometer to facilitate
accurate PM scale-factor tuning is addressed in subsection 3.3.4. Finally, subsection
3.3.5 briefly considers how the analogue gain-factor of the actuation back-end is set.
3.3.1 Phase-modulation waveforms in two-beam interferometers
As mentioned in subsection 3.2.1, in all PMI phase trackers some kind of time-varying
periodic optical-phase modulation fPM(t) will be applied to the interferometer. In this
subsection we discuss the photocurrent modulation formats that are obtained when
sinusoidal, serrodyne (sawtooth or triangular), or squarewave optical PM waveforms
are employed.
As the starting point for this consideration we take the two-beam fringe pattern given
in eq. (2.36). Ignoring a possible static phase-bias term, the interferometer phase is
given by:

φIP (t ) = φ PM ( t ) − φ M ,

(3.1)

where fM is the MIOP. The photocurrent signal Id(t) is directly proportional to the
detected optical output power, and thus the fringe pattern may be stated in terms of
photocurrents. Then the photocurrent signal obtained from one output port (or the
differential current obtained from two output ports) can be written as:

(

)

I d (t ) = I b 1 + V cos(φ PM (t ) − φ M )

(3.2)

where Ib is the background current and V is the fringe visibility. To facilitate the
discussion on PM waveforms, the photocurrent signal is rewritten into the quadrature
form:
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)

I d (t ) = I b + I bV ⋅ cos(φ M ) ⋅ cos(φPM (t )) + sin(φ M ) ⋅ sin(φ PM (t )) .
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(3.3)

If the optical PM signal is time-periodic, the photocurrent-signal will be periodic as
well, and will be composed of an (in principle) infinite number of harmonics. The
modulation format of the harmonics is dependent on the shape of the PM waveform. In
appendix E, Fourier series expansions and modulation formats of the photocurrent are
related to symmetry properties of the PM waveform.
Sinusoidal PM waveform

A sinusoidal PM waveform φPM (t ) = φ$PM ⋅ sin(Ωt ) , with amplitude φ$PM and angular
frequency W, possesses odd symmetry in Ωt = 0 and even symmetry in Ωt = π 2 .
Therefore the photocurrent-signal is of the form given by eq. (E.18), implying that odd
harmonics are amplitude-modulated (AM) by sin(fM) while even harmonics are AM
modulated by cos(fM)1:

( )

I d (t ) = I b + I bV ⋅ J 0 φ$PM ⋅ cos(φ M )
∞

( )

+ 2 I bV ⋅ sin(φ M ) ⋅ ∑ J 2 k −1 φ$PM sin((2 k − 1)Ωt ) .
k =1
∞

(3.4)

( )

+ 2 I bV ⋅ cos(φ M ) ⋅ ∑ J 2 k φ$PM cos(2 kΩt )
k =1

The dependence of the Fourier coefficients on the PM amplitude φ$PM is given by the
well-known Bessel functions of the first kind Jn(x), which are illustrated in figure 3.2.
The harmonic components in eq. (3.4) are sometimes referred to as phase-generated
carriers (PGC) [47].

Fig. 3.2 Bessel functions of the first kind (nÎ{0,1,2,3,4}).

1

To be more precise, the modulation format of the harmonics should be termed ‘double-sideband with
suppressed carrier’ (DSB-SC).
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Serrodyne PM waveform

As an important practical case of a PM waveform which does possess odd symmetry
around Ωt = 0 , but which does not necessarily possess even symmetry around
Ωt = π 2 , we consider the serrodyne PM waveform shown in figure 3.3. It will be
shown that the serrodyne waveform allows purely phase-modulated harmonic
components in the photocurrent signal to be obtained. This allows PM demodulation
techniques to be applied.

Fig. 3.3 Serrodyne PM waveform.

One period of the serrodyne PM waveform can be written as:
 − φ$PM
⋅ ( Ωt + π ) ,

π
⋅
∆

 φ$PM
φPM (t ) = 
⋅ Ωt ,
(
)
1
π
⋅
−
∆

 − φ$
 PM ⋅ (Ωt − π ),
 π ⋅∆

− π ≤ Ωt ≤ −π ⋅ (1 − ∆ )
− π ⋅ (1 − ∆ ) ≤ Ωt ≤ π ⋅ (1 − ∆ ) ,

(3.5)

π ⋅ (1 − ∆ ) ≤ Ωt ≤ π

where D is the duration of the negative slope as a fraction of the total time period. For
∆ = 0 the PM waveform is an ideal sawtooth, while for ∆ = 1 2 it is a symmetric
triangle. As the PM waveform possesses odd symmetry in Ωt = 0 , the Fourier series
expansion of the photocurrent signal takes the form of eq. (E.15):

( )
,
+ I V ⋅ ∑ F (φ$ ) ⋅ cos(nΩt + φ ) + F (φ$ ) ⋅ cos(nΩt − φ )

I d (t ) = I b + I bV ⋅ F0 φ$PM ⋅ cos(φ M )
∞

b

n =1

−n

PM

M

n

PM

(3.6)

M

where the Fourier coefficients Fn() are real. For the fPM(t) as given by eq. (3.5) a
straigthforward calculation yields [43]:


1− ∆
∆
Fn φ$PM = sin φ$PM − nπ ⋅ (1 − ∆ ) ⋅  $
+ $
.
 φ PM − nπ ⋅ (1 − ∆ ) φ PM + nπ ⋅ ∆ 

( )

(

)

(3.7)

Figure 3.4 shows the Fourier coefficients Fn(), F-n() as a function of φ$PM for nÎ{1,2}
and DÎ{0, 0.2, 0.5}.
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Fig. 3.4 Fourier coefficients Fn() with nÎ{-2,-1,1,2} as a function of the PM amplitude.

In the case of a sawtooth PM waveform ( ∆ = 0 ), a PM amplitude of φ$PM = π results in
pure phase modulation at the first harmonic ( F1 (π ) = 1 , F−1 (π ) = 0 ). Since all other
coefficients Fn vanish, the efficiency of this modulation is 100%. Similarly φ$ = 2π
PM

results in pure phase modulation with 100% efficiency at the second harmonic
( F2 (2π ) = 1 , F− 2 ( 2π ) = 0 ). If ∆ ≠ 0 it is still possible to obtain pure phase
modulation of a certain harmonic, but the required φ$ is somewhat larger (by an
PM

amount of nπ ⋅ ∆ ), and the modulation efficiency will be less than 100%.
For ∆ = 0.5 (symmetric triangular PM waveform) an additional even symmetry around
Ωt = π 2 is introduced in the PM waveform. Just as with the sinusoidal PM waveform,
the photocurrent signal takes the form of eq. (E.18). From eq. (3.7) we actually have:

( )

Fn φ$PM =

(
)(

)

φ$PM ⋅ sin φ$PM − n π2
φ$PM − n π2 ⋅ φ$PM + n π2

(

)

⇒

( )

( )

n
F− n φ$PM = (− 1) ⋅ Fn φ$PM ,

(3.8)

so the Fourier series expansion of the photocurrent signal reads:

( )

I d (t ) = I b + I bV ⋅ F0 φ$PM ⋅ cos(φ M )
∞

( )

+ 2 I bV ⋅ sin(φ M ) ⋅ ∑ F2 k −1 φ$PM ⋅ sin((2 k − 1)Ωt ) .
k =1
∞

(3.9)

( )

+ 2 I bV ⋅ cos(φ M ) ⋅ ∑ F2 k φ$PM ⋅ cos(2 kΩt )
k =1

A specific case of particular interest is that in which the PM amplitude is adjusted at
φ$PM = l ⋅ π 2 , with l an integer. Then, for positive n, eq. (3.8) can be written as:
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1

if n − l = 0
2

if n − l = even (but non - zero) .
Fn = 0

n − l −1
2l

2
(
)
⋅
−
if n − l = odd
1
 π ⋅ (n 2 − l 2 )

(3.10)

Apparently, if l is odd (even), the lth harmonic is the only non-zero harmonic of odd
(even)-order. All other non-zero harmonics are of even (odd)-order.
Squarewave PM waveform

Just as the sinusoidal and symmetric triangular PM waveforms, a squarewave PM
waveform with unity mark/space ratio possesses both odd and even symmetry, so that
in this case the photocurrent signal again takes on the form of eq. (E.18).
One period of a squarewave PM waveform with odd symmetry in Ωt = 0 is given by:
 − φ$ ,
φPM (t ) =  $ PM
φPM ,

− π ≤ Ωt < 0
.
0 ≤ Ωt < π

(3.11)

Obviously the corresponding photocurrent signal Id(t) is also a squarewave, though
superimposed on a DC level:

(
(

( )
( )

( ))
( ))

 I + I V ⋅ cos(φ ) ⋅ cos φ$ − sin(φ ) ⋅ sin φ$
− π ≤ Ωt < 0
b
M
PM
M
PM ,
 b
. (3.12)
0 ≤ Ωt < π
 I b + I bV ⋅ cos(φ M ) ⋅ cos φ$PM + sin(φ M ) ⋅ sin φ$PM ,

I d (t ) = 

The corresponding Fourier series expansion reads:

( )

I d (t ) = I b + I bV ⋅ cos φ$PM ⋅ cos(φ M )
+ I bV ⋅ sin(φ M ) ⋅

∞
,
4
1
⋅ sin φ$PM ⋅ ∑
⋅ sin((2 k − 1) ⋅ Ωt )
π
k =1 2 k − 1

( )

(3.13)

and, apart from the DC component, it consists of odd harmonics only, all of which are
AM (double sideband) modulated by sin(fM). The strengths of all harmonic
components have the same dependence on the PM amplitude φ$PM .
Alternatively the squarewave PM waveform can be seen as a special case of a more
general class of what will be called in this thesis ‘fringe-sampling’ PM waveforms (see
subsection 3.4.6). These are stepwise waveforms which enable sampling of the fringe
pattern for each step. The squarewave PM waveform yields the two samples given by
eq. (3.12).
3.3.2 Coherent demodulation of the photocurrent signal
The photocurrent signals presented in the previous subsection are composed of a
quasi-static term and an infinite number of harmonics. In line with the motivation
given in subsection 3.2.1, the uncertain quasi-static additive terms (including the
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background term Ib) will be discarded by restricting the photocurrent signal processing
to the harmonic components. In advance of this processing a preamplifier performs
signal conditioning by raising the level of the signal with inherent noise above the
noise level of subsequent circuitry. To prevent the quasi-static term from ‘consuming’
part of the dynamic range of subsequent circuitry, the preamp is AC-coupled.
The required processing is dependent on the modulation format of the harmonic
components. In principle the modulation formats presented in the previous subsection
allows the MIOP information to be retrieved by using standard AM and PM
demodulation techniques (described, for instance, in [21]) with selected harmonics.
With specific time-domain modulation formats, such as the squarewave and fringesampling optical PM waveforms, other demodulation techniques can/must be applied.
Coherent demodulation techniques are mandatory for all modulation formats
(including the AM format, as incoherent demodulation techniques cannot resolve the
sign of this modulation). Generation of stable synchronous reference signals is not a
fundamental problem.
In this subsection the use of coherent demodulation techniques for retrieving the MIOP
information from the photocurrent signal will be considered. Product demodulation
can generally be applied with all modulation formats. Coherent integration followed
by digital correlation is applicable to stepwise photocurrent signals (generated by
fringe-sampling optical PM). Specific techniques for phase detection are appropriate
with phase-modulated harmonics. Finally, if the original photocurrent signal consists
of AM modulated odd and even harmonics (having the form of eq. (E.18)), then
synthetic heterodyne premodulation can be used to generate a purely phase-modulated
format at a selected harmonic frequency.
Product demodulation

Product demodulation is the best-known coherent demodulation technique. Provided
that a suitable reference waveform is used, product demodulation can be utilised with
each of the photocurrent signal formats encountered in subsection 3.3.1. A schematic
diagram of a product demodulator is shown in figure 3.5. The input signal x(t) is
multiplied by a synchronous reference signal S(t) and the resulting product is timeaveraged, by means of a low-pass filter, to yield the output signal. As this output result
is equivalent to the cross-correlation Rx,y(t,t) of x(t) and S(t), a product demodulator is
sometimes referred to as a (cross-) correlator1.

Fig. 3.5 Block diagram of a product demodulator.

1

In the present case the cross-correlation function Rx,y(t,t+t) is evaluated only for t=0.
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In the simplest case the reference signal is a sinusoid. This reference waveform is
appropriate with amplitude- and phase-modulated input signal formats. For a
sinusoidal input signal x( t ) = A ⋅ cos( nΩt + φ ) , being simultaneously modulated in
amplitude A and phase f, product demodulation with an in-phase sinusoidal reference
signal S I (t ) = cos( nΩt ) yields the output signal:
x(t ) ⋅ S I (t ) =

1
A ⋅ cos(φ ) .
2

(3.14)

Similarly, demodulation with a quadrature reference signal S Q ( t ) = − sin( nΩt ) yields
the output signal:
x( t ) ⋅ S Q ( t ) =

1
A ⋅ sin(φ ) .
2

(3.15)

For both the pure AM as well as the pure PM modulation formats of the photocurrent
signal harmonics, the output signal of the product demodulator is proportional to
either sin(fM) or cos(fM). Provided that the low-pass filter time-constant is sufficiently
large, a possible quasi-static component in x(t), as well as other harmonics, will not
give rise to equivalent components in the output result.
In practical IC mixers analogue multipliers are rarely used for demodulation because
of their poor noise performance and limited dynamic range [23]. As illustrated in
figure 3.6, the multiplier is replaced by electronic switches, to provide a much higher
dynamic range.

Fig. 3.6 Product demodulation using a switching mixer.

The action of switching is mathematically equivalent to multiplication by a bipolar
squarewave reference signal. For an equivalent squarewave reference signal with unity
mark-space ratio and fundamental frequency nW, the Fourier series expansion reads
(also assuming unity amplitude):
S I (t ) = sgn(cos(nΩt )) =

cos((2 k − 1)nΩt )
4 ∞
(− 1) k +1 ⋅
,
∑
π k =1
2k − 1

(3.16)

where sgn(⋅) denotes the signum function ( sgn( x ) = x x ). For an input signal of the
form x( t ) = A ⋅ cos( nΩt + φ ) , the output result of the switching mixer after filtering is:
x(t ) ⋅ S I (t ) =

4
A ⋅ cos(φ ) .
π

(3.17)
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which, apart from a scale factor, is identical to the result of eq. (3.14) for an ideal
multiplier-based mixer. If the input signal x(t) contains harmonics of nW as well (as is
the case with the photocurrent signals encountered), then it should, in general, be fed
through a band-pass filter at nW to avoid undesired mixing products (the so-called
harmonic responses, [21]) which would arise due to the harmonics in eq. (3.16)1.
Coherent (gated) integration

As we have mentioned in subsection 3.3.1, squarewave and fringe-sampling PM
waveforms yield a stepwise photocurrent signal. Since all the information carried by
such a stepwise photocurrent signal is contained in the individual step levels, the
information can be retrieved by measuring the step levels rather than the amplitudes of
harmonic frequency components. In order to reject noise, the step levels are preferably
measured by integrating the amplified photocurrent signal during an aperture time Tg,
which is equal to the time duration of a step. Before each step the integrator is reset.
This gated integration results in a sin(wTg/2)/(wTg/2) frequency response for
incoherent signals, and thus the noise bandwidth is roughly the inverse of the aperture
time Tg. Since the information contained by the photocurrent signal is made available
in a discrete-time manner, this method is particularly suited for subsequent digital
processing. In figure 3.7 therefore a hold stage and a quantisation stage (ADC) are
included.

Fig. 3.7 Schematic diagram of coherent integration and subsequent digital correlation for
fringe-sampling PM waveforms. In each period k of the PM waveform a new output quantity sk is
produced. These output quantities can be further averaged.

Several different digital correlations can be performed on the samples. Assuming that
there are N step levels in one period of the fringe-sampling optical PM waveform, each
possible correlation sequence is uniquely determined by its coefficients ap, pÎ{0,…,
N-1}. Cancellation of the influence of the DC component in the photocurrent-signal
requires that the sum of the coefficients ap satisfies:

1

In principle the band-pass filter could be omitted if the photocurrent signal consists of AM modulated
harmonics in the form of eq. (E.18). A squarewave reference signal SQ(t)=sgn(sin(Wt)) consists entirely
of odd harmonics, and will therefore only select the odd harmonics from eq. (E.18) (each of these being
proportional to sin(fM)). Similarly, a second squarewave reference signal SI(t)=sgn(cos(2Wt)) will only
select the even harmonics of order 2, 6, 10, etc. from eq. (E.18) (each of these being proportional to
cos(fM)). Omission of the bandpass filters hence does not affect the form of the demodulation products,
but it does affect the proportionality constant, and it increases the noise bandwidth.
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N −1

∑a
p= 0

p

= 0.

(3.18)

In practice the integration aperture time Tg may be chosen somewhat smaller than the
step duration Ts in order to discard the undesired and time-localised transient
behaviour that occurs when the photocurrent signal steps from one level to another.
Phase detectors

Purely phase-modulated harmonics, as obtainable with serrodyne optical PM
waveforms, can be demodulated using phase detectors. A phase detector measures the
mutual phase difference Df between its input signal and a synchronous reference
signal1.
Three representative phase detectors and their phase-detection characteristics are
shown in figure 3.8. Figure 3.8(a) illustrates once more the switching-type multiplier
of figure 3.6; the switching is now represented as a multiplication of the input signal
with a hard-limited reference signal. The input signal is passed through a band-pass
filter to avoid undesired harmonic responses. The phase-detection characteristic is a
cosine function and its scale is proportional to the input signal amplitude (as
expressed by eq. (3.17)).

Fig. 3.8 Phase detectors and their characteristics: (a) Multiplier type with sinusoidal response
(identical to lock-in detector); (b) Multiplier type with hard-limited inputs, giving a triangular
response; (c) Sequential type based on an RS flip-flop, giving a sawtooth response.

1

Note that the phase-detection characteristic of a phase detector is the ‘electrical’ equivalent to an
interferometer fringe pattern. As lumped electrical circuits can process other than sinusoidal signal
waveforms, the phase-detection characteristic is not necessarily sinusoidal.
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By hard-limiting the input signal too, we obtain the phase detector illustrated in figure
3.8(b). As both input signals to the multiplier are now squarewaves, the multiplier
output signal is a squarewave too; its duty factor (and thus the output signal at the
averaging low-pass filter) is linearly dependent on the phase difference Df. This
results in a triangular phase-detection characteristic, of which the scale is independent
of the input signal amplitude1. The multiplier can be substituted by an exclusive-or
(XOR) logic gate.
The multiplying-type phase detectors of figure 3.8(a) and (b) are memoryless, as the
multipliers respond instantaneously to changes of their input signals. In contrast,
sequential-logic phase detectors react only to the zero-crossings of the input signals. A
sequential phase detector is depicted in figure 3.8(c). Here a memory element (flipflop) is set and reset by the (positive) edges of the hard-limited input and reference
signals respectively. The duty factor of the flip-flop output signal is again linearly
proportional to the phase difference Df, and independent of the input signal
amplitude. However, now the phase-detection characteristic has the shape of a
sawtooth rather than a triangle. An attractive property of the sawtooth characteristic is
that it does not exhibit a directional ambiguity (which the triangular and cosinusoidal
characteristics do). This property makes the detector of figure 3.8(c) suited for openloop operation. (the time constant of the low-pass filter should be chosen so small that
a sufficiently quick transition of the output signal occurs when the phase difference
crosses over a discontinuity (Df=2p×n) in the detection characteristic).
Although the phase detectors described have analogue outputs, it is quite possible to
implement equivalent versions that have digital outputs [19]. Such phase detectors are
usually based on time-interval counting techniques and in principle the feasible phase
resolution is determined by the ratio of the clock frequency to the signal frequency.
Somewhat finer time quantisation (by 2 or 3 bits) can be achieved though by sampling
the input signal using a bank of S&H stages, in which the individual stages are
successively triggered by mutually delayed clock signals [188].
Synthetic heterodyne premodulation

Easily generated optical PM waveforms such as the sinusoid, the symmetric triangle
and the squarewave, possess both odd and even symmetry. As was dealt with in
subsection 3.3.1, the photocurrent signal for these PM waveforms takes on the general
form of eq. (E.18). The AC part, as amplified by the preamp, is repeated here for
convenience:
∞

( )

I d , AC (t ) = 2 I bV ⋅ sin(φ M ) ⋅ ∑ B2 k −1 φ$PM ⋅ sin((2 k − 1)Ωt )
k =1

∞

+ 2 I bV ⋅ cos(φ M ) ⋅ ∑ A2 k
k =1

( )

.

(3.19)

φ$PM ⋅ cos(2 kΩt )

Odd harmonics are AM (double sideband) modulated by sin(fM) and even harmonics
by cos(fM). By performing a suitable premodulation on such a photocurrent signal, it

1

Analysis shows that for reasonable signal-to-noise ratios (>10 dB) hard-limiting the input signal
hardly increases the influence of additive input noise [18].
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is possible to synthesise a pure phase-modulated format at one of the harmonic
frequencies (say nW), so that phase detection can be applied.
In essence synthetic heterodyne premodulation results in frequency translations of odd
and even harmonics in eq. (3.19), to yield a purely phase-modulated format at nW. The
nth harmonic in the output signal of the premodulator must be of the form
Vout ,n (t ) = R ⋅ cos(nΩt + ϕ m φ M ) , with j being a constant phase shift. For the sake of
convenience, Vout,n(t) is written in quadrature representation:
Vout ,n (t ) = R ⋅ cos(nΩt + ϕ m φ M )

(

)

= R ⋅ cos(φ M ) ⋅ cos(ϕ ) cos(nΩt ) − sin(ϕ ) sin(nΩt )

(

.

(3.20)

)

± R ⋅ sin(φ M ) ⋅ sin(ϕ ) cos(nΩt ) + cos(ϕ ) sin(nΩt )

The terms proportional to sin(fM) and cos(fM) must be synthesised, by frequency
translation, from those terms in the input signal of eq. (3.19) that have the same
respective proportionality factors1. In general therefore, if the desired harmonic order
n is even (odd), at least one odd harmonic in eq. (3.19) must be translated by an odd
(even) multiple of W, while at least one even harmonic in eq. (3.19) must be translated
by an even (odd) multiple of W. (an even multiple may include zero).
Synthetic heterodyne premodulation can be implemented in many different ways,
usually involving (1) separate selection of an odd and even input-signal harmonic by
filtering, (2) separate frequency translations by multiplication with reference
waveforms, (3) summation of separate multiplication products, and (4) selection of
the nth harmonic by filtering. Examples can be found in [44,46,88].
A particularly elegant principle is based on multiplication with a single reference
waveform G(t), of fundamental frequency W. If G(t) possesses both odd and even
symmetry, then its Fourier series consists of a DC component and odd-order harmonics
only. The multiplication product resulting at the nth harmonic then consists of two
contributions: (1) odd harmonics of G(t) multiplied by the odd (even) harmonics in eq.
(3.19), and (2) the DC component of G(t) multiplied by the even (odd) harmonics in
eq. (3.19)2. A unipolar squarewave G(t) which alternates between 0 and 1 with a 50%
duty factor possesses the desired properties and allows the multiplication operation to
be implemented as a simple switching (gating function). As is shown in figure 3.9, the
nth harmonic in the mixing product is selected by a band-pass filter.
The gating technique is used in [58,59,64] with n = 2 to achieve a pure phasemodulated format at 2W, in the way to be presently described. A squarewave reference
signal G(t) with 50% duty factor, and possessing even symmetry in Ωt = 0 , has a
Fourier series expansion:

1

Note that this excludes the application of synthetic heterodyne premodulation when squarewave
optical PM is used (see eq. (3.13)).

2

To cancel the influence of a spurious offset (DC) component in the photocurrent signal of eq. (3.19),
an even harmonic order n of the output signal is preferred.
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∞

1
2

(1 + sgn(cos(Ωt ))) = 21 − π2 ∑ (− 1)
k =1

k

cos((2 k − 1)Ωt )
.
2k − 1
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(3.21)

Fig. 3.9 Synthetic heterodyne premodulation using a gating switch [58,59].

The output signal is the mixing product at 2W, which is of the form1:

( )

( )

Vout ,2 (t ) = R I φ$PM ⋅ cos(φ M ) ⋅ cos(2Ωt ) + RQ φ$PM ⋅ sin(φ M ) ⋅ sin(2Ωt ) ,
where the in-phase component (left term) is due to multiplication of the
G(t) and the 2nd harmonic in Id,AC(t):

( )

( )

RI φ$PM = I bV ⋅ A2 φ$PM ,

(3.22)
DC

term in
(3.23)

while the quadrature component (right term) is due to mixing of odd harmonics in
G(t) with odd harmonics of Id,AC(t) [58,59,64]:
2 ∞
1 
 1
k
−
RQ φ$PM = I bV ⋅ ∑ (− 1) B2 k −1 φ$PM ⋅ 
.
 2 k − 3 2 k + 1
π k =1

( )

( )

(3.24)

( )

( )

The PM format of eq. (3.20) is obtained (with zero j) when RI φ$PM = RQ φ$PM . In
the case of a sinusoidal PM waveform (eq. (3.4)), the smallest φ$PM that satisfies this
condition is φ$ = 2.82 rad :
PM

RI ( 2.82) = RQ (2.82) = 0.48 ⋅ I bV .
In the case of a triangular PM waveform (eq. (3.9)), the same condition is satisfied
when φ$PM = π rad , yielding:
RI (π ) = RQ (π ) = 0.5 ⋅ I bV .
This latter result implies a modulation efficiency of 25% for the triangular PM
waveform with half of the signal power passed by the gating switch concentrated in

1

The phase shift j, introduced in eq. (3.20), appears to be zero.
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the desired 2nd harmonic1; The modulation efficiency is not significantly worsened if
the sinusoidal PM waveform is employed.
In the way described above, the PM format with the upper sign in eq. (3.20) applies.
The format with the lower sign is obtained by shifting the phase of G(t) over p radians
to invert the sign of RQ.
3.3.3 Digital phase unwrapper
In subsection 3.2.1 we argued that a digital representation of the unwrapped MIOP is
desired as a fundamental limitation of the dynamic range is absent. In this subsection
we briefly describe the principle of a digital phase unwrapper.
Basic feedback phase unwrapper

The purpose of a phase unwrapper is to determine the ‘absolute’ phase from wrapped
phase data (i.e. the modulo 2p phase data). The principle of phase unwrapping is
based on the presumption of a continuous phase (MIOP) evolution with time. Out of
the set of possible unwrapped phases which are in concordance with a new (wrapped)
phase-data point, the actual unwrapped phase is found as the one which is closest to
the previous unwrapped phase. Hence correct phase unwrapping requires the MIOP to
change less than p in the time interval between subsequent data points. Should it
change more rapidly, cycle slips are inevitable.
The function of phase unwrapping is well-known in optical interferometry [12];
sophisticated software algorithms (usually operating on two-dimensional spatial
wrapped-phase maps) have been developed to implement this function [91]. In the
case of temporal (one-dimensional) phase measurements the feedback phase
unwrapper shown in figure 3.10 can be applied. The unwrapped phase y at the output
of the loop controller is represented by a word size of H+L bits, of which the H most
significant bits give the fringe order and the L least significant bits give the fraction of
2p. The wrapped MIOP data at the input (within the range [-p,p]) is also represented
with a word size of L bits. In order to compare the unwrapped output phase y with the
wrapped MIOP, it must be rewrapped onto the reduced range [-p,p]. Rewrapping is
simply accomplished by using only the L least significant bits of y. The phase-error
signal Df that results from the phase comparison drives the loop controller. By virtue
of the feedback mechanism we have ψ ≈ φM . The tracking range corresponds to 2H
fringes and can be made arbitrarily large by increasing H. The fringe order (word size:
H bits) delivered by the fringe-order determinator can be loaded into the phase
unwrapper.

1

Since the duty factor of G(t) equals 0.5, this represents a quarter of the input-signal power. The other
quarter of the input power is distributed over odd harmonics, each of these being purely phasemodulated. This is easily understood by noting that the same output signal would be obtained if a purely
phase-modulated signal of frequency 2W were applied to the input of the gating switch.
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Fig. 3.10 Digital feedback phase unwrapper.

Phase rewrapping is illustrated in figure 3.11, which shows the static rewrapped
feedback phase, y mod 2p, as a function of the unwrapped output phase y. As the
rewrapping function is identical to the sawtooth phase-detection characteristic of the
sequential phase detector shown in figure 3.8(c), this phase detector is easily
interfaced to the phase unwrapper.

Fig. 3.11 Rewrapping on a reduced range.

Structure and dynamics of the loop controller

As an example to clarify the operation (including fringe-order loading) of the loop
controller in figure 3.10, we consider a simple first-order proportional and integrating
(PI) loop controller, of which the structure is shown in figure 3.12. The structure
contains two parallel paths which are added at the output. The integrating action is
performed by the accumulator (marked by shading), which consists of a clocked loop
in which unwrapped phase data circulates. The output signal of the latch is updated
with each clock pulse to reflect the sum of previous output signal value and input
error signal value. The fringe order can be loaded by activating the select signal. Then
the H most significant bits at the latch input (representing the fringe order) are taken
from the fringe order determinator. The L least significant bits cannot (and need not)
be loaded.
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Fig. 3.12 Structure of a first-order PI digital loop controller.

Scaling factors in both parallel paths determine gain and time constants of the loop
controller. The dynamic behaviour of the controller is described by the difference
equation:

ψ ( k ) − ψ ( k − 1) =

1
⋅ ∆φ ( k ) + K prop ⋅ ( ∆φ ( k ) − ∆φ ( k − 1))
f cl ⋅ τ int

(3.25)

where the index k refers to the kth clock cycle. The frequency-response is obtained by
applying the z-transform to the difference equation. To simplify matters it is assumed
that the clock frequency fcl is much higher than the signal frequencies of interest, so
that the difference equation may be approximated by a differential equation, allowing
the Laplace transform to be used. This yields:

ψ& (t ) =

1
1
⋅ ∆φ (t ) + K prop ⋅ ∆φ&(t ) ⇒ s ⋅ Ψ(s) =
⋅ ∆Φ(s) + s ⋅ K prop ⋅ ∆Φ(s) , (3.26)
τ int
τ int

and we obtain the PI loop controller transfer function:
1 + s ⋅ K prop ⋅ τ int
Ψ ( s)
1
.
=
+ K prop =
s ⋅ τ int
∆Φ(s) s ⋅ τ int

(3.27)

If required, other transfer functions may be obtained in similar ways. For most quasistatic sensing applications a type-1 (indicating the number of pure integrations)
controller will be adequate. As is well-known from control theory the closed-loop
time-domain response using a type-1 controller has a zero steady-state error for a step
change in the input phase, and a constant steady-state error for a ramp input phase
[20]. If necessary, higher performance can be obtained by means of predictive
structures (e.g. including a feedforward path to the output, [86]).
Quadrature phase unwrapper

The demodulated input data to the phase unwrapper usually does not represent the
MIOP fM itself, but is a function of the MIOP. As was seen in subsection 3.3.2, a very
common function is the set of trigonometric transformations K sin(φ M ) and
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K cos(φ M ) , with K a proportionality constant. In order to ensure that the determination
of the MIOP fM from these signals is independent of the proportionality constant K, the
ratio of these signals, which equals tan(fM), is compared to the tangent of the
rewrapped feedback phase, tan(y). However, a direct comparison is problematic since
the sensitivity and sign of the comparison are strongly dependent on the value of fM1.
In order to realise a sensitivity which is independent of fM, the comparison is
preferably implemented as in the quadrature phase unwrapper, shown in figure 3.13.
The error signal resulting from the comparison can be written as
K sin(φ M ) cos(ψ ) − K cos(φ M ) sin(ψ ) = K sin(φ M − ψ )

(

≈ K {φ M − ψ } mod 2π

)

.

(3.28)

The linearisation is valid near the locking point ( (φ M − ψ ) mod 2π ≈ 0 ), and is
independent of the value of fM. Note that the proportionality constant K will only
affect the gain of the feedback loop. In the ideal case of infinite loop gain (yielding
zero error signal), eq. (3.28) reduces to tan(ψ ) = tan(φ M ) .
Quadrature phase unwrappers using analogue signal representations can be found in
[76,86]. A microprocessor-based phase unwrapper, lacking the possibility for fringeorder loading, was proposed in [87].

Fig. 3.13 Quadrature phase unwrapper [76,86,87].

3.3.4 Reference interferometer for phase modulator scale-factor tuning
This subsection describes a method for achieving that the operation of the PM tuning
mechanism is independent of the (dynamically varying) MIOP. The method can be used
with many different PM tuning mechanisms.
This problem can be reduced somewhat by evaluating the octant of fM from Ksin(fM) and Kcos(fM).
Depending on the octant, the comparison is done in terms of either tan(fM) or cot(fM) [85]. The fMdependent sensitivity, the need for numerical division, and the conditional nature of the comparison
make this method less attractive.
1
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The idea is to introduce a separate reference two-beam interferometer structure which
has the phase modulator in common with the sensing interferometer structure.
Application in a Mach-Zehnder interferometer is illustrated in figure 3.14. The
method is adaptable to other two-beam interferometers configurations as well. A
similar principle is known in free-space interferometry [70].

Fig. 3.14 Introduction of a separate reference Mach-Zehnder interferometer to enable PM
tuning, independent of the MIOP. The phase modulator is shared by the reference and sensing
interferometers.

The reference interferometer may either (1) share the demodulation circuitry with the
sensing interferometer on a time-division basis, or (2) it may have its own detection
circuitry. Detection circuit sharing can be used only with an actively-invoked mode of
operation of the PM tuning mechanism, since the phase tracker is interrupted here
anyway (see subsection 3.2.2). During tuning of the PM scale-factor, the demodulation
circuitry is connected to the reference interferometer output; as soon as tuning has
been completed it is reconnected to the sensing interferometer output. Detection
circuit sharing is not possible if the PM tuning mechanism operates self-triggered or
quasi-continuously. In that case the reference interferometer output must be equipped
with its own (additional) detection and processing circuitry in order to avoid the need
for phase-tracker interruption.
The nominal interferometer phase of the reference interferometer should be designed
for optimum sensitivity of the PM tuning mechanism. As we will see in section 3.4, for
most PM tuning mechanisms optimum sensitivity is obtained when the reference
interferometer is biased in a quadrature point.
3.3.5 Setting the actuation back-end analogue gain factor
This subsection briefly considers the issue of setting the desired scale factor of the
cascade of actuation back-end (figure 3.1) and optical-phase modulator. This scale
factor is the effective proportionality constant between the generated actuation signal
(usually in the digital domain) and the optical phase shift induced by the phase
modulator. It can be expressed in radians/lsb (least significant bit).
The scale factor must be set at its desired value through electronic adjustment of the
analogue gain factor of the actuation back-end. In principle this adjustment can be
performed at various places in the analogue signal chain. It is reasonable to expect that
the required gain tuning range may amount to some 20-30% of the nominal value to
compensate for both fixed deviations and variations during operation. The updating
rate of the scale factor setting is dependent on the operational mode of the tuning
scheme. Quasi-continuous PM tuning requires quasi-continuous updating whereas in
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the case of the self-triggered and actively-invoked operating modes the scale factor
setting must be stored over a longer period. The setting is stored in a digital register.

3.4 PHASE-TRACKING TECHNIQUES BASED ON PHASE MODULATION
Phase-tracking techniques serve to track the (time-varying) MIOP out of an arbitrary
initial starting point. (The initial starting point is supplied by the fringe-order
determinator). In this section we will present a systematic overview of several PhaseModulation Interferometric (PMI) phase-tracking techniques and the corresponding
PM-tuning techniques. Two main approaches to PMI phase-tracking are distinguished:
Direct Phase-Modulation Interferometry (DPMI) and Indirect Phase-Modulation
Interferometry (IPMI). The DPMI approach is based on the use of a controlled (and
calibrated) optical phase modulation to compensate the wrapped MIOP. In contrast, in
the IPMI approach the MIOP is inferred from the photocurrent signal as obtained by the
application of one single periodic PM signal.
The outline of this section is as follows. First in subsection 3.4.1 we describe the basic
idea of the DPMI approach. Related to this it is argued that a squarewave AC phase
biasing waveform can be used to reduce the influence of excess laser intensity noise in
two-beam interferometers with differential outputs. After this, in subsection 3.4.2, we
introduce two distinct DPMI phase-tracking techniques. Attention is given to the aspect
of operation over a small optical phase-modulation range. The basic idea of the other
main class of phase-tracking techniques, the IPMI approach, is introduced in subsection
3.4.3. Possible IPMI architectures and processing techniques will be described in
subsection 3.4.4. In subsection 3.4.5 methods for reducing the influence of a
inaccurate PM amplitude (including automatic tuning) will be discussed. In subsection
3.4.6 IPMI phase tracking based on fringe-sampling PM waveforms will be considered.
To the author’s knowledge, coding by means of fringe-sampling has not been
previously reported in the field of guided-wave interferometry. Finally in subsection
3.4.7 we present our concluding remarks.
3.4.1 The Direct Phase Modulation Interferometry (DPMI) approach
In this subsection we describe the basic principle of the Direct Phase-Modulation
Interferometry (DPMI) approach. Subsequently we shall show how the reduction of
excess laser intensity noise as described in subsection 2.4.4, can be implemented using
the DPMI approach. The actual DPMI techniques for phase tracking and PM calibration
will be described in the next subsection.
Principle of DPMI: nullifying an AM modulated harmonic component

The basic idea of DPMI is to compensate the contribution of the MIOP fM to the
interferometer phase by applying, in a controlled way, an external optical phasemodulation signal fc. The value of fc that brings the interferometer at a predetermined
interferometer-phase condition (PIPC) then contains the information on fM, and this
value is denoted by fc,PIPC.
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In addition to the compensating phase fc, a rapid time-periodic bias optical PM signal
fb(t) is applied1. This fb(t) waveform should possess both even and odd symmetry, as
the photocurrent signal is then composed entirely of purely AM-modulated harmonic
components (subsection 3.3.1). With the total optical PM signal now being equal to
fb(t)+fc, the Fourier series expansion of the corresponding photocurrent signal reads
(cf. eq. (E.18)):
∞

( )

I d , AC (t ) = 2 I bV ⋅ sin(φ M − φc ) ⋅ ∑ B2 k −1 φ$b ⋅ sin((2 k − 1)Ω b t )
k =1

∞

+ 2 I bV ⋅ cos(φ M − φc ) ⋅ ∑ A2 k
k =1

( )

φ$b ⋅ cos(2 kΩ b t )

,

(3.29)

where φ$b and Wb denote respectively the amplitude and fundamental angular
frequency of the phase-bias signal fb(t). The expression (3.29) contains four
unknowns: IbV, φ$b , fM, and the scale factor of fc. (the functions A2k() and B2k-1() are
determined by the shape of the fb(t) waveform, and are assumed to be known).
However, for the purpose of solving fM, not all these four unknowns actually need to
be determined. The condition sin(φ M − φc ) = 0 can be accurately detected by
coherently (AM) demodulating one single (say odd) harmonic component of eq.
(3.29)2. Thus the conditions (φ M − φc ) mod π = 0 are suitable for serving as PIPCs. A
fairly relaxed requirement is that φ$ should be within such uncertainty limits that B2k-1
b

is sufficiently large (and its sign is known). The only exact knowledge required for
solving fM is the scale factor of fc, and this has to be set by PM tuning. Being one of
the requirements in subsection 3.2.1, the DPMI method of approach ensures that the
measurement is independent of the precise proportionality constant IbV.
Suitable optical PM bias waveforms

In order for eq. (3.29) to hold, the PM bias waveform should possess both odd and
even symmetry. Three suitable candidates are the sinusoid, the triangle, and the
squarewave. As can be seen from figures 3.2, 3.4 and eq. (3.13), demodulation at the
fundamental frequency is, in general, the most sensitive, while it permits the smallest
amplitude φ$b . In this respect the three waveforms differ only slightly. The squarewave
allows the highest sensitivity to be achieved, while it requires only the smallest
amplitude φ$b = π 2 .

1
2

This bias signal is not included in the quantity ‘interferometer phase’, as used in ‘PIPC’.

The nature of this condition is directly related to the symmetry properties of the fringe pattern in
conjunction with both the odd and even symmetry properties of the bias PM waveform. Because the
two-beam fringe pattern also possses both odd and even symmetry, there are two possible conditions.
The condition that the odd harmonics in the photocurrent signal fade, corresponds to a point of even
symmetry of the fringe pattern. Likewise, a point of odd symmetry of the fringe pattern yields the even
harmonics to fade. The fringe patterns of so-called resonant interferometers (Fabry-Perot, ring
resonator) possess even symmetry only. Hence the DPMI approach can be applied to these
interferometers too, exploiting the fading of odd harmonics in the photocurrent signal.
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Intensity noise reduction in two-beam interferometers with differential outputs
due to squarewave AC phase biasing

Another interesting property of the squarewave PM waveform is that it allows
satisfaction of the requirement for reduction of the influence of excess laser-intensity
noise, as described in subsection 2.4.4. As discussed there, excess laser-intensity noise
is cancelled out in the differential photocurrent obtained from a two-beam
interferometer with differential output ports, provided that both single photocurrents
are equal [169,180]. Ideally the cancellation takes place at the quadrature points (QPs).
Using a squarewave phase-bias waveform, the interferometer phase alternates between
two points in the fringe pattern: φ M − φc − φ$b and φ M − φc + φ$b . Now, if φ$b = π 2 , then
both these points will be QPs, provided that also (φ M − φc ) mod π = 0 (i.e. when a
PIPC is satisfied). Thus the squarewave PM waveform allows the influence of excess
laser-intensity noise to be cancelled out in the PIPCs. This is believed to be an original
proposal. It significance is related to situations where the excess noise would
otherwise be a dominant noise source (e.g. at high optical-intensity levels). In practice
mismatched background levels of the two photocurrents, as well as a misadjusted bias
amplitude φ$b , will limit the accuracy of the cancellation.

3.4.2 Locking and scanning DPMI techniques
In this subsection we will describe two DPMI techniques for phase tracking and PM
scale-factor tuning. Both employ the combination of (squarewave) phase-bias
modulation and detection of PIPCs, as presented in the previous subsection. The two
DPMI techniques are termed locking and scanning and differ in the way the PIPC is
realised. In the first technique the interferometer is locked in the PIPC; in the second
technique the PIPC is encountered during scanning of the interferometer phase. Both
phase locking and phase scanning will now be described in more detail.
Phase locking

The principle of phase locking [36,37,39,40,51] in interferometers is similar to the
well-known phase-locked loop (PLL). The phase-modulator actuation signal is
controlled by a servo feedback loop, which keeps the interferometer in the PIPC. Figure
3.15 shows the architecture of a phase-locking system, together with its functional
interfaces to the interferometer (photodiode and phase modulator). Slightly different
systems, developed for fibre-optical interferometers, have been described in the
literature [40,56].
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Fig. 3.15 Phase-locked interferometer, using phase-bias modulation and coherent
demodulation as well as an automatic reset function to comply with the limited operational
range of the phase-modulator.

The operation of the phase-locking system is as follows. The photocurrent signal is
amplified by the AC preamp and the fundamental frequency component is
demodulated with the reference waveform. The demodulator provides the error signal
for the servo loop controller, and the loop controller generates a digital output
representation of the unwrapped MIOP. In principle this output signal must be fed back
to the optical phase modulator to keep the interferometer locked in a PIPC. In order to
operate within the small range offered by the optical phase modulator, the feedback
signal to the phase modulator is a rewrapped version of the unwrapped output signal1.
The reduced range of this rewrapped phase should be at least 2p in order to ensure the
existence of a locking point within it. When one of the limits of the reduced range is
reached, a reset mechanism in the rewrapper is activated. This reset mechanism either
increases or decreases the actuation signal by the equivalent of 2p optical phase shift
in order to stay within the operational range of the optical phase modulator. The
feedback signal is added to the AC bias modulation and supplied to the phase
modulator.
In order to avoid uncontrolled repetitive hopping of the actuation signal between the
upper and lower limits of the reduced range, a certain amount of hysteresis in the reset
mechanism is required. This can be easily accomplished by adjusting the spacing
between the positive and negative reset threshold levels (which are in fact digital
codes) to somewhat more than the equivalent of a 2p optical phase shift. Thus the
reduced range must be somewhat larger than 2p.

1

In fact the interferometer acts as an optical phase detector (subsection 3.3.2) in the phase unwrapping
feedback loop. The rewrapped feedback phase fc is directly compared with the MIOP.
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Reset-based PM scale factor tuning for phase-locking

The scale factor of the phase modulator and its analogue driving circuitry can be tuned
using the reset mechanism. First, we will consider the nature of the errors that would
arise without a PM tuning mechanism. Figure 3.16 shows the unwrapped phase tracker
response that results if the scale factor is misadjusted.

Fig. 3.16 Influence of phase modulator scale-factor errors on the static response of a phaselocking system.The scale-factor error results in a jump of the digital output signal (representing
the unwrapped phase) after each reset. The resets are enforced when the digital output signal
reaches the indicated threshold levels. Two representative cases of scale-factor errors are
shown: a) the analogue gain is too small; b) the analogue gain is too large. Also shown is the
ideal response (the dashed curves), for which the resets do not yield jumps of the output signal.

The reset threshold levels are spaced (1 + a )2π apart to prevent repetitive hopping of
the actuation signal as discussed above. Resets occur whenever the digital MIOP
reaches a reset threshold level. Since the scale factor is misadjusted, the actual
magnitude of the reset is not exactly 2p, so that the interferometer phase will be driven
slightly next to the desired new PIPC. The demodulator will then produce a finite error
signal, which forces the loop controller to adjust its digital output in order to lock the
interferometer exactly in the desired new PIPC. After each reset the unwrapped digital
output signal will therefore make a small jump, rendering a static response with
hysteresis, as is illustrated in figure 3.16.
Continuing further from this explanation, the operating principle of a self-triggered
tuning mechanism for the analogue gain (see subsection 3.2.2) can be understood. Just
after each reset the scale factor error is indicated by the finite error signal produced by
the demodulator. Within a small time interval just after the reset this error signal can
be utilised to adjust the setting of the analogue gain by means of a special (temporarily
activated) feedback mechanism. The ‘normal’ feedback loop is disconnected during
this tuning time interval.
At the expense of doubling the required phase-modulator operational range, the selftriggered tuning scheme may be modified into a quasi-continuous scheme. In a quasicontinuous scheme the resets are actively enforced by dithering the reset threshold
levels (i.e. the corresponding digital codes). The principle of threshold dithering is
clarified in figure 3.17. If the reduced-range digital phase representation fc is within
the interval [0, (1 + a )π ] a shift of the threshold levels from the normal level to the
negative dither level will provoke a negative-going reset; if it is within the interval
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[ − (1 + a )π ,0] a threshold level shift from the normal level to the positive dither level
will provoke a positive-going reset. Irrespective of the initial rewrapped digital phase
representation fc, a reset will be enforced for one of the two threshold level shifts,
allowing quasi-continuous operation.

Fig. 3.17 Dithering of threshold levels for artificial enforcement of resets. The upper left
diagram shows the normal threshold levels in terms of the rewrapped digital phase
representation.The upper right and middle diagrams show the threshold levels at two different
dither values. The lower diagram shows the time-dependent dither signal. Around each
threshold level a hysteresis window of 2ap is used.

Dynamic changes of the MIOP that occur during tuning, will contribute to the error
signal at the demodulator output and will finally result in a misadjusted scale factor. In
order to avoid a rapidly diverging misadjustment, a conservative feedback mechanism
should be used to limit the maximum possible readjustment of the gain setting to one
quantisation step per reset. Several resets may be required before the final gain setting
is reached, but convergence is assured.
Dynamic MIOP changes may be prevented from degrading the tuning precision
alternatively by using a reference interferometer output (see subsection 3.3.4). Since
only one interferometer output can be kept in lock at a time, this requires activelyinvoked PM tuning and interruption of the phase tracker.
The foregoing discussion was facilitated by the assumption that only one PIPC per
fringe (either the fringe maximum or the fringe minimum) was used. Two-beam
interferometers allow the use of two PIPCs per fringe, which halves the required
operational range of the reduced-range phase fc (i.e. to (1 + a )2π rather than the
(1 + a )4π indicated in figure 3.17)1. To make the second PIPC a stable locking point,
the feedback polarity must be reversed with each reset.

1

Although resonator fringes too exhibit a minimum as well as a maximum, only one of these extrema
may provide high sensitivity.
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Phase scanning

The other DPMI technique is phase-scanning and the appropriate architecture is shown
in figure 3.18. Again phase-bias modulation (frequency fb) and coherent AM
demodulation at fb is used to detect the PIPCs. Literature reports of phase scanning
techniques are rare. Recently a rudimentary phase-scanning technique has been
reported for use in multiplexed Fabry-Perot fibre sensors [93].

Fig. 3.18 Phase-scanning DPMI architecture using one PIPC per fringe.

The principle of phase scanning will be described in the following text. For simplicity
we assume that one PIPC per fringe is used. In search of a PIPC the fringe pattern is
scanned (over a sufficiently large range) by means of a linearly time-varying phase
modulation fc(t), which is added to the bias modulation. The PIPCs are recognised
from the condition that the demodulator output signal crosses through zero in a given
direction. As soon as a zero-crossing is detected, the instantaneous value of the fc(t)
modulation, fc,PIPC, is sampled (latched). The sample fc,PIPC represents the wrapped
MIOP fM. A phase unwrapper (see subsection 3.3.3) reconstructs the unwrapped MIOP
fM. Useful linear scanning waveforms are the sawtooth and triangle.
PM tuning for phase scanning, using subsequent PIPCs

A misadjusted PM scale-factor will cause the magnitude of the phase scan to deviate
from the intended ideal value of 2p. This results in regions of the MIOP where the
number of samples per scan will not, as is usual, be one, but either zero or two,
depending on the fact whether the analogue gain is too small or too large respectively.
The resulting static response of the (unwrapped) output signal as a function of the
MIOP is shown in figure 3.19.
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Fig. 3.19 Response of a phase-scanning system (employing one PIPC per fringe and a nominal
scan of 2p) with misadjusted PM scale factor. a) The analogue gain is too small, resulting in
MIOP regions where no samples are obtained. At best the phase unwrapper ‘does not respond’,
resulting in dead zones as indicated. b) The analogue gain is too large. Now in the same MIOP
regions two contradictory samples (one near the beginning and the other near the end of a
scan) are obtained. This may result in hopping of the unwrapped output signal.

Based on the phase-scanning principle, a quasi-continuous PM scale-factor tuning
mechanism is possible. Scale-factor errors are detected by checking the consistency of
two samples obtained during a single scan. Two such samples are consistent if they
are spaced exactly 2p apart; deviations from 2p are used to adjust the gain setting. If
the sample spacing is less (more) than 2p then the analogue gain has to be decreased
(increased). To obtain two samples on a single scan, irrespective of the value of the
MIOP, the magnitude of the scan should be at least 4p.
Since the error detection relies on the difference of samples which are relatively
widely spaced in time, the accuracy will be degraded by dynamic variations of the
MIOP, as these add to the sample difference. The susceptibility to dynamic MIOP
variations may be reduced by using a conservative feedback mechanism, just like the
one described for the phase-locking technique. A more robust alternative to eliminate
this susceptibility is the use of a reference interferometer output (see subsection 3.3.4).
In the phase-scanning technique the reference interferometer still allows quasicontinuous operation of the PM tuning mechanism, which is in remarkable contrast
with the phase-locking technique.
Similar to the phase-locking technique, the foregoing discussion on phase-scanning
was facilitated by the assumption that one PIPC per fringe is used. Also here it is more
practical to use two PIPCs per fringe (both the maximum and the minimum within each
fringe) since this requires only half as large an operational range of the phase
modulator (2p instead of 4p). If two PIPCs per fringe are used, zero-crossings of the
demodulator output signal in both directions must be detected, and the sign of each
zero-crossing should be determined in order to retain the distinction between fringe
maxima and minima.
Locking versus scanning: remarks on noise performance

Having discussed both locking and scanning DPMI techniques, we will compare the
noise performance of these techniques. The noise performance is determined by the
detection bandwidth and the noise power per unit of bandwidth.
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In the case of the phase-scanning technique, accurate operation requires that the zerocrossings of the demodulator output signal are passed to the zero-crossing detector
without delay variations. Small delay variations imply the use of electronic circuitry
with small and stable phase shift, which in turn requires that the detection bandwidth
is much larger than half the scanning frequency (equivalent to the average sample
rate)1. As a consequence, noise power present at frequencies beyond half the sample
rate and within the detection bandwidth, will be aliased back into the baseband. This
aliasing increases the effective noise bandwidth. In contrast to the phase-scanning
technique, the phase-locking technique uses an ordinary sampling process, which
allows the detection bandwidth to be (much) smaller than half the sample rate. It can
therefore be concluded that as far as noise bandwidth is concerned, phase locking will
be superior to phase scanning.
In appendix F it is shown that the locking and scanning techniques yield equal
expressions for the variance of the samples obtained. Hence their different noise
performance is on account of the different effective noise bandwidth. Note that the
signal bandwidths may be the same for both techniques.
3.4.3 The Indirect Phase-Modulation Interferometry (IPMI) approach
In contrast to the DPMI approach, where a compensating phase modulation fb(t) was
added to the AC phase bias signal, the Indirect Phase-Modulation Interferometry
(IPMI) approach extracts all information regarding the MIOP from the photocurrent
signal as obtained by application of one single periodic optical PM signal. Thus, where
the measurement is based on a predetermined interferometer phase condition in the
DPMI approach, the IPMI approach uses no such predetermined condition.
In this subsection we will consider the fundamental problems related to retrieving the
MIOP from the photocurrent signal with each of the modulation formats encountered in
subsection 3.3.1. The problems of unknown parameters, sensitivity fading and
directional ambiguity will be considered, in a similar way as was carried out in
subsection 2.3.2 for a static fringe pattern.
MIOP reconstruction from AM modulated harmonics

For a given optical PM waveform which possesses both odd and even symmetry, the
AC part of the photocurrent signal takes the form of AM modulated harmonics, as in
eq. (E.18):
∞

( )

I d , AC (t ) = 2 I bV ⋅ sin(φ M ) ⋅ ∑ B2 k −1 φ$PM ⋅ sin((2 k − 1)Ωt )
k =1

∞

+ 2 I bV ⋅ cos(φ M ) ⋅ ∑ A2 k
k =1

( )

.

(3.30)

φ$PM ⋅ cos(2 kΩt )

It contains three unknowns: IbV, φ$PM and fM. (the functions A2k() and B2k-1() are
assumed to be known). However, to solve fM, not all unknowns need to be actually
determined. If only one single harmonic component (say of odd order with coefficient

1

In chapter 4 this will be treated more quantitatively.

78

3 INTERROGATION TECHNIQUES FOR COHERENT INTERFEROMETRIC SENSORS

B2k-1()) is AM demodulated, it is impossible to determine sin(fM) accurately, except for
the condition sin(fM)=0. If a second odd harmonic (say with coefficient B2l-1) is AM
demodulated, the unknown φ$PM can be determined by applying the inverse of the
function B2k-1()/B2l-1() to the ratio of the measured harmonic amplitudes ( φ$ must be
PM

limited to an uncertainty interval where the function B2k-1()/B2l-1() is strictly
monotone). The second odd harmonic does not yield additional knowledge on fM
however; for this purpose therefore an even harmonic must also be demodulated. With
the value of φ$PM already known from the odd harmonics, the wrapped fM can be
determined from 2 I V ⋅ A φ$ ⋅ cos(φ ) and 2 I V ⋅ B
φ$ ⋅ sin(φ ) . Since both
b

2k

( )
PM

M

b

2 k −1

( )
PM

M

sin(fM) and cos(fM) are available, the problems of sensitivity fading and directional
ambiguity can be overcome. A favourable situation is that in which the proportionality
constants are equal (i.e. A2 k φ$PM = B2 k −1 φ$PM ), since this allows direct interfacing to

( )

( )

a quadrature phase unwrapper (figure 3.13).
Although not strictly necessary, once fM has been determined, the quantity IbV can
also be determined. To make the accuracy of the φ$PM determination independent of
fM (note that a nearly-zero sin(fM) causes the odd harmonics to fade), a second even
harmonic may alos be demodulated. The PM amplitude φ$PM can then be determined
from the inverse of either B2k-1()/B2l-1() or A2k()/A2l(), depending on whether even or
odd harmonics are the strongest1. This may bring the total number of coherent AM
demodulators to four.
MIOP reconstruction from a purely PM modulated harmonic

In the case of optical PM waveforms possessing only odd symmetry in Ωt = 0 , the AC
part of the photocurrent takes the form as in eq. (E.15):
∞

( )

( )

I d (t ) = I bV ⋅ ∑ F− n φ$PM ⋅ cos(nΩt + φ M ) + Fn φ$PM ⋅ cos(nΩt − φ M ) ,
n =1

(3.31)

Assuming that the functions Fn(), F-n() are known, there are again the same three
unknowns IbV, φ$PM and fM. If one of the Fourier coefficients for the harmonic of
order n (say F-n) vanishes, then the resulting modulation format is purely PM, which
allows PM demodulation to be applied. A zero F-n requires φ$PM to be tuned to a very
specific value. Assuming that this has somehow been performed (we will return to this
issue in subsection 3.4.5), phase detection can be applied to determine fM, without
requiring any knowledge of IbV. The way in which the problems of directional
ambiguity and sensitivity fading are solved is dependent on the specific phasedetection principle used.

1

Although the method of determining the PM amplitude by applying inverse functions will work
correctly, it is more practical to set the PM amplitude to a predetermined value by means of an
appropriate PM tuning mechanism. The PM amplitude may then be set to a value that facilitates further
processing of the photocurrent signal, e.g. to ensure that the ~sin(fM) and ~cos(fM) terms resulting after
AM demodulation have equal proportionality constants, so that they can be directly applied to a
quadrature phase-unwrapper.
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3.4.4 IPMI phase trackers
In this subsection we describe two possible basic IPMI phase-tracker architectures,
together with practical examples of optical PM waveforms that can be applied.
Phase tracker architecture using open-loop demodulation

In the IPMI phase-tracker architecture of figure 3.20 the photocurrent signal is
demodulated with a reference signal (pair) to produce a baseband signal (pair) which
is a function f(fM) of the MIOP. This baseband signal (pair) is then supplied to a
feedback phase unwrapper, which contains the function f(y) in its feedback path (see
subsection 3.3.3). Being characteristic of the phase tracker architecture of figure 3.20
is that the demodulator is not part of a feedback loop. An optional synthetic
heterodyne premodulator may be used to convert AM modulated harmonics into a PM
modulated harmonic (subsection 3.3.2). The waveform generator supplies
synchronous signals for optical PM, for possible synthetic heterodyne premodulation,
and for demodulation.

Fig. 3.20 IPMI phase-tracker architecture based on an open-loop demodulator.

In order to allow fM to be unambiguously inferred from f(fM), f(fM) should be free of
directional ambiguity. Practical examples of such f(fM) will be given in the following
text.
Open-loop AM demodulation with sinusoidal and triangular optical PM
waveforms

With sinusoidal or triangular PM waveforms the AC photocurrent signal takes the form
of eq. (3.30). Quadrature baseband signals with equal proportionality factors are
obtained by AM product demodulation (figure 3.6) of the first- and second-order
harmonic components. It is seen from figures 3.2 and 3.4 that the required optical PM
amplitude is φ$PM = 2.63 rad for the sinusoid, or φ$PM = 2.9 rad for the triangle. This
method is known as the phase-generated carrier (PGC) homodyne technique [47].
Open-loop PM demodulation with a serrodyne optical PM waveform

With a serrodyne optical PM waveform ( 0 ≤ ∆ < 0.5 , see figure 3.3) a purely PM
modulated first-order harmonic component will result when the PM amplitude equals
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φ$PM = (1 + ∆ )π rad (cf. eq. (3.7)). This signal may be demodulated by either
quadrature product demodulation (figure 3.6) to yield ~sin(fM) and ~cos(fM)) signals,
or by a single phase-detector that exhibits a sawtooth detection characteristic (figure
3.8c).
Open-loop demodulation with fringe sampling optical PM waveform

This technique will be discussed separately in subsection 3.4.6.
Architecture for closed-loop phase detection with the PM modulation format

The architecture shown in figure 3.21 features a phase detector, that acts as the
summing junction of a phase unwrapping feedback loop. The averaging filter of the
phase detector can thus be combined with the loop controller. This architecture can be
used with a PM-modulated input signal. As discussed in section 3.3, such a signal
format may be obtained either by employing an odd (but not even) optical PM
waveform, or by using an optical PM waveform which is odd as well as even, together
with synthetic heterodyne premodulation of the photocurrent signal.
The operation of the phase-unwrapping feedback loop is to nullify the phase-detector
output signal by using the rewrapped phase y to shift the phase of the reference
signal1.The unwrapped phase y will thus track the MIOP. This principle of operation is
similar to that used in a classical phase-locked loop (see [18,19]), the most important
difference being that the reference phase shift is the result of proportional phase
control, rather than frequency control.
A strong point of this architecture is the fact that only a single demodulation channel
is required. Also, as the feedback action keeps the phase detector at a fixed operating
point, directional ambiguity of the phase detector is allowed. Practical examples of
applicable optical PM waveforms will be given in the following text.

1

In a digital waveform generator the phase of the output signal can be easily and unboundedly shifted
by adding an offset to the cyclic counter that generates addresses for accessing the reference-waveform
table. For the present purpose the reference waveform is preferably a squarewave. Another method to
realise unbounded phase shifting is based on the relation cos(y)sin(nWt)+sin(y)cos(nWt)=sin(nWt+y).
This method may be implemented using analogue circuitry (i.e. cos(y) and sin(y) shapers, switching
multipliers driven by sin(nWt) and cos(nWt) signals, summation circuit, and bandpass filter to reject
spurious mixing products). Based on somewhat different circuitry this latter method was used in [41].
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Fig. 3.21 IPMI phase-tracker architecture employing a phase-detector as summing junction in
the phase-unwrapping feedback loop.

Closed-loop phase detection with sinusoidal and triangular optical PM
waveforms

Using synthetic heterodyne premodulation (figure 3.9) the photocurrent signal
obtained from sinusoidal and triangular optical PM waveforms, is converted into a PM
modulated format at the second harmonic. As stated at the end of subsection 3.3.2, the
required optical PM amplitude is φ$PM = 2.82 rad for the sinusoid, and φ$PM = π rad for
the triangle.
Closed-loop phase detection with serrodyne optical PM waveform

The serrodyne PM waveform can be used as in the open-loop demodulator.
3.4.5 Systematic phase-measurement error in IPMI, and its reduction
If the PM amplitude deviates from the nominal value, then a systematic phase
measurement error will result. In this subsection we briefly analyse the nature of this
error and consider two methods to reduce it. The first reduction method is applicable
when the photocurrent signal consists of AM modulated harmonics, and relies on PM
amplitude tuning. The second method is applicable when the photocurrent signal
contains a PM modulated harmonic; this method relaxes the tolerance requirements on
the PM amplitude by means of a compensation principle.
Phase measurement error due to unequal quadrature proportionality factors

As discussed in subsection 3.4.3, retrieval of the MIOP from AM modulated harmonics
does, at some stage, result in quadrature demodulation products of the form
2 I bV ⋅ A2 k φ$PM ⋅ cos(φ M ) and 2 I bV ⋅ B2 k −1 φ$PM ⋅ sin(φ M ) . Ideally these signals have

( )

( )

equal proportionality factors so that they can be supplied directly to a quadrature
phase unwrapper (figure 3.13). However, if the PM amplitude φ$PM is mistuned, or if
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the demodulators have mismatched gain factors, then a systematic phase-measurement
error df will result.
A general expression for this error is easily found by assuming that the proportionality
factor of the signal ~sin(fM) is mismatched by a factor (1+e) with regard to that of
~cos(fM). Assuming also that the quadrature feedback phase unwrapper is ideal
(infinite loop gain), substitution of ψ = φ M + δφ in eq. (3.28) results in:
cos(φ M ) ⋅ sin(φ M + δφ ) − (1 + ε ) ⋅ sin(φ M ) ⋅ cos(φ M + δφ ) = 0 .

(3.32)

Under the condition e<<1, and after carrying out some trigonometric manipulations,
the phase error df can be approximated by:

δφ ≈ 21 ε ⋅ sin(2φ M ) .

(3.33)

Not so surprisingly, the phase error is a periodic function of the MIOP. It therefore
results in a periodic non-linearity in the phase measurement1. The maximum phase
error in radians equals half the relative mismatch of the proportionality constants.
Architecture for PM amplitude tuning with AM modulated harmonics

The above-mentioned phase-measurement error can be reduced by applying a PM
amplitude tuning scheme as depicted in figure 3.22. Either one or two (both odd or
even) AM-modulated harmonic components of the photocurrent signal are
demodulated to derive an error signal for a PM amplitude tuning loop. This error signal
is established by weighted comparison of the demodulation results. In proportion to
the error signal, the loop controller adjusts the analogue gain of the PM driver circuitry
(the actuation back-end) to nullify the PM amplitude error.

Fig. 3.22 Architecture for PM amplitude tuning.

Quasi-continuous operation of the PM amplitude-tuning mechanism is only possible if
the PM amplitude as required for phase tracking allows PM amplitude-tuning too. This
requires a specific choice of the weighting factors in the error detection, determined

1

Note the difference with the ‘sawtooth-like’ phase error that resulted with the DPMI techniques (figures
3.16 and 3.19).
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by the desired PM amplitude. If the PM amplitude-error detection requires a different
PM amplitude, then the phase tracker must be interrupted to allow tuning, so that only
the actively-invoked mode of operation is possible.
The photocurrent signal used in the PM tuning may originate from either the sensing
interferometer or from a reference interferometer (see subsection 3.3.4). By making
use of the reference interferometer, the PM tuning mechanism can work independently
of the MIOP.
PM amplitude tuning possibilities based on AM modulated harmonics

As mentioned in subsection 3.4.3, in the case of a photocurrent signal composed of
AM modulated harmonics, information on φ$PM can be obtained by demodulating
additional harmonics. Which of the harmonics are most suited, is dependent on the
required mode of operation (quasi-continuous or actively-invoked) of the PM
amplitude-tuning mechanism.
In the case of quasi-continuous operation, the amplitudes of a pair of odd or even
harmonics must be measured to allow the ratios B1/B3 or A2/A4 to be tuned to the
predetermined values that correspond to the desired φ$PM . Using the odd harmonics the
weighted comparison in figure 3.22 generates an error signal having the form
B1 φ$PM − K set ⋅ B3 φ$PM , which is subsequently used to drive the PM tuning loop [68].

( )

( )

For the open-loop demodulation, based on the first- and second-order harmonics,
equal proportionality constants for the baseband quadrature signals require the PM
amplitude to be tuned at φ$PM = 2.63 rad for the sinusoid, or φ$PM = 2.9 rad for the
triangle. These optimum amplitudes appear to lie fairly central within the limits where
the ratio B1/B3 is monotone. For the closed-loop phase detection, together with
synthetic heterodyne premodulation, the required optical PM amplitude is
φ$PM = 2.82 rad for the sinusoid, and φ$PM = π rad for the triangle. The ratio B1/B3 is
also monotone around these optimum amplitudes. The requirement φ$ = π rad for
PM

the triangle makes a particularly simple tuning mechanism possible. It is noted from
eq. (3.10) that when the desired PM amplitude is attained, all even-order harmonics,
other than the second-order, fade. Thus the amplitude of the fourth-order harmonic
alone may be used as the error signal.
If actively-invoked PM tuning is permitted, it is possible to use a different PM
amplitude φ$PM ,tun that forces either one of the coefficients B1 or A2 to yield zero. By
virtue of its predetermined fixed ratio to φ$PM ,tun , the ‘normal’ φ$PM is correctly set
when the analogue gain of the PM driver circuitry has been tuned (and the setting
stored, see subsection 3.3.5) so that φ$PM ,tun is correctly set. The value of φ$PM ,tun is
generally larger than the ‘normal’ φ$ . In the case of a sinusoidal PM waveform, the
PM

coefficient B1 yields zero for φ$PM ,tun1 = 383
. rad , while the coefficient A2 yields zero
for φ$
= 513
. rad (see figure 3.2). In the case of the triangular PM waveform, the
PM ,tun2

corresponding values are φ$PM ,tun1 = 3π 2 rad and φ$PM ,tun2 = 2π rad (see figure 3.4).
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For both the quasi-continuous and the actively-invoked tuning scheme, the value of
the MIOP affects the sensitivity of the error detection (and may result in fading). Fading
can be avoided either by employing a reference interferometer with a stable
interferometer phase, or by the conditional use of the odd or the even harmonics. In a
modified form the latter idea was employed in [66].
Some other techniques, applicable to sinusoidal PM amplitude tuning use extra
modulation techniques and therefore lead to an increase of complexity. These
techniques can be found in [71,78,113].
Phase-measurement error due to imperfect PM modulated format

In the case of an nth harmonic component which would ideally be purely PM
modulated, a mistuned φ$PM will result in an undesired term with a Fourier coefficient
F-n (see subsection 3.4.3). The resulting nth harmonic component can be rewritten in a
form that shows amplitude and phase modulation separately:
Fn ⋅ cos(nΩt − φ M ) + F− n ⋅ cos(nΩt + φ M ) = Fn ⋅ (1 + a n ) ⋅ cos(nΩt − φ M + δφn ) . (3.34)
Here an represents a relative amplitude error, while dfn represents an absolute phaseerror. If F-n<<Fn, then an and dfn can be approximated by:
F− n
⋅ cos(2φ M )
Fn
.
F− n
δφn ≈
⋅ sin(2φ M )
Fn
an ≈

(3.35)

Both errors are again periodic functions of the MIOP; moreover the phase error is
similar to eq. (3.33). A phase detector will detect the quantity − φ M + δφn (subsection
3.3.2), so that the amplitude error an does not have further consequences.
Phase-error reduction for PM format by time divided single sideband detection

With a PM modulated format appearing already in the photocurrent signal, there is no
easily detectable criterion that indicates whether the PM amplitude is correctly set. An
alternative approach is to relax the tolerance requirements for the PM amplitude by
implementing an additional quadrature channel, just as in a single sideband
demodulator. This approach was demonstrated in [43].
With an imperfectly tuned PM amplitude, the nth harmonic in the photocurrent signal is
proportional to:

( )

( )

I d ,n (t ) ~ F− n φ$PM ⋅ cos(nΩt + φ M ) + Fn φ$PM ⋅ cos(nΩt − φ M ) ,

(3.36)

where the term with coefficient F-n is assumed to be the undesired term. This
undesired term can be cancelled by subtracting from Id,n(t) a second photocurrent
signal I’d(t), which has an nth harmonic component with the form:

( )

( )

I d′ ,n (t ) ~ F− n φ$PM ⋅ cos(nΩt + φ M ) − Fn φ$PM ⋅ cos(nΩt − φ M ) .

(3.37)

3.4 PHASE-TRACKING TECHNIQUES BASED ON PHASE MODULATION

85

In principle this second photocurrent signal can be realised by firstly applying to the
interferometer phase an additional optical phase shift Df, which nominally equals -p/2
radians. Mathematically this is equivalent to replacing fM in (3.36) by fM-Df.
Subsequently the photocurrent signal obtained is fed through an electronic phaseshifting network to add a phase shift q, which should nominally be equal to -p/2
radians. These two manipulations result in a signal:

( )
+ F (φ$ ) ⋅ cos(nΩt − φ

I d′ ,n (t ) ~ F− n φ$PM ⋅ cos(nΩt + φ M − ∆φ + θ )
n

PM

M

+ ∆φ + θ )

,

(3.38)

which in fact takes the form of eq. (3.37) if ∆φ = − π 2 and θ = − π 2 . For Df and q
deviating from their nominal values the difference signal I d ,n ( t ) − I d′ ,n ( t ) equals:

( )(

(

)

I d ,n (t ) − I d′ ,n (t ) ~ F− n φ$PM ⋅ cos(nΩt + φ M ) ⋅ 1 − cos(∆φ − θ )

)

− sin(nΩt + φ M ) ⋅ sin(∆φ − θ )

+ Fn

( ) ⋅ (cos(nΩt − φ ) ⋅ (1 − cos(∆φ + θ ))
+ sin(nΩt − φ ) sin(∆φ + θ ))
φ$

PM

.

(3.39)

M

M

which, compared to eq. (3.36), shows a drastically reduced influence of the undesired
Fourier coefficient F-n, provided that ∆φ ≈ θ . If also ∆φ + θ ≈ −π , the desired term
with the coefficient Fn remains at full strenght.
In practice the second photocurrent signal, associated with the additional optical phase
shift Df, can be realised by means of time-division diplexing (TDD), as shown in figure
3.23.

Fig. 3.23 Time-division diplexing of the optical phase shift Df.

The TDD is realised by superimposing the optical phase shift Df on the ‘normal’
optical PM signal fPM(t) in the form of a rapid squarewave signal. The repetition
frequency of the squarewave should be at least 2nW in order to avoid aliasing.
Dediplexing is accomplished by means of a synchronous switch, followed by bandpass filters at nW to remove spurious mixing products [43].
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3.4.6 Fringe sampling PM waveform in an IPMI phase tracker
As anticipated in subsection 3.3.1, fringe sampling optical PM waveforms can be used
to take samples of the fringe pattern at different interferometer phases. As was
discussed in subsection 3.3.2, to reduce the influence of noise the samples are
preferably obtained by coherent integration of the photocurrent signal during a fixed
aperture time Tg. This is followed by quantisation and subsequent digital product
demodulation using a reference sequence (figure 3.7). Thus the IPMI architecture with
the open-loop demodulation of figure 3.20 applies. The strong points of fringe
sampling are that no frequency filters are required and that all samples are obtained
with a single sampling stage, which precludes errors resulting from imperfect
matching. Stepwise or piecewise linear waveforms can be employed for fringe
sampling.
Fringe sampling has been used in free-space static surface profiling interferometry
[70]. No reports are known by the author of its application in guided-wave
interferometry. In the case of fibre optics this can be easily explained by the fact that
the (piezo-) phase modulators, which are usually employed, do not allow wideband PM
waveforms of sufficiently high frequency to be used. As electro-optical phase
modulators in IO do not have this limitation, the use of fringe sampling waveforms in
IO interferometry is believed to be a novelty of significant value.
The basic idea of fringe sampling

Recalling subsection 2.3.2, the two-beam fringe pattern is characterised by an
unknown background current Ib and fringe visibility V. As the PM scale factor is
another unknown, measurements of the photocurrent at four discrete values of the
induced phase modulation are necessary to determine the (wrapped) MIOP.
Formulas are available in the literature for calculating the MIOP from the samples
using a computer [70]. We will also use these algorithms, and consider the
combination with PM scale factor tuning.
Phase tracking and PM tuning with the four-step PM waveform

A minimum of four phase steps suffices to solve the four variables in the
measurement. The four-step PM waveform to be discussed here, enables both phase
tracking and PM tuning with a fairly low PM amplitude. The waveform is shown in
figure 3.24. Four equi spaced phase steps ( φ$PM , 13 φ$PM ,− 13 φ$PM ,−φ$PM ) are applied,
yielding the integrated photocurrent samples:

∫ I (t )dt = I
d

(

(

⋅ Tg ⋅ 1 + V cos φ$PM − φ M

b

⋅ Tg ⋅ 1 + V cos 13 φ$PM − φ M

step 1

∫ I d (t )dt = I b ⋅ Tg

(
(
⋅ (1 + V cos(−

∫ I (t )dt = I

(

∫ I (t )dt = I
d

step 2

step 3

d

step 4

))

b

b

(

1
3

))

φ$PM − φ M

⋅ Tg ⋅ 1 + V cos − φ$PM − φ M

))

))

.

(3.40)
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Fig. 3.24 Four-step PM waveform and correlation sequences.

Digital product demodulation is implemented by summing the four terms with a sign
determined by the correlation sequence. It will be assumed that the numbers of the
correlation sequence have unity magnitude so that they differ only from each other by
their sign. Under this assumption there are three useful sequences that satisfy the
requirement of averaging out the DC level in the photocurrent signal, as expressed by
eq. (3.18). These sequences have an equal number of plus and minus signs and are
shown in figure 3.24. As an example the correlation result is calculated using the
sequence S1(t):

∫ I (t )dt + ∫ I (t )dt − ∫ I (t )dt − ∫ I (t )dt
d

I d (t ) ⋅ S1 (t ) =

d

step 1

d

step 2

d

step 3

step 4

4Tg

( (

)

(

= I bV ⋅ 41 cos φ$PM − φ M − cos − φ$PM − φ M

(

) (
= I V ⋅ sin(φ ) ⋅ (sin(φ$ ) + sin( φ$ ))
= I V ⋅ sin(φ ) ⋅ cos( φ$ ) ⋅ sin( φ$ )

)

+ cos 13 φ$PM − φ M − cos − 13 φ$PM − φ M

b

b

1
2

M

M

1
3

PM

1
3

2
3

PM

))

.

(3.41)

PM

PM

For the other two correlation sequences a similar calculation yields:

(

) ( )
.
) ⋅ cos( φ$ )

I d (t ) ⋅ S 2 (t ) = I bV ⋅ cos(φ M ) ⋅ sin 13 φ$PM ⋅ sin 23 φ$PM ,

(

I d (t ) ⋅ S 3 (t ) = − I bV ⋅ sin(φ M ) ⋅ sin 13 φ$PM

2
3

(3.42)

PM

The first and third correlation results may both yield sin(fM), while the second yields
cos(fM). By choosing φ$PM = 43 π we obtain identical scale factors for the first and
second averages. At the same time the third average vanishes, which enables a very
simple quasi-continuous PM scale-factor tuning scheme to be realised. The required
amplitude φ$PM = 43 π is smaller than that obtained with any of the previously
discussed techniques.
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The PM tuning is dependent on the MIOP by the factor sin(fM). The operation of the
tuning mechanism can be made independent of the measurand either by using a
reference interferometer (see subsection 3.3.4) or by use of an actively-invoked tuning
scheme, the latter based on nullifying both I d ( t ) ⋅ S1 ( t ) and I d ( t ) ⋅ S 2 ( t ) to yield
φ$
= 23 π . Note that this implies a doubled PM amplitude.
PM ,tun

The use of a five-step PM waveform in an actively-invoked PM tuning scheme allows a
slightly smaller PM amplitude. For a five-step waveform with φ$PM ,tun = 43 π , the
operation of the actively-invoked tuning scheme will be independent of the MIOP. This
will not be discussed further.
Stepwise versus piecewise-linear fringe sampling PM waveforms

Because of the sinusoidal two-beam fringe pattern, the stepwise optical PM waveform
may be replaced by a piecewise linear PM waveform. The equivalence is illustrated by
figure 3.25, which shows a five-step PM signal with an amplitude of p radians (steps
of p/2 radians), together with the equivalent piecewise linear PM signal.

Fig. 3.25 Fringe sampling by application of a five-step PM waveform (solid line) and the
equivalent piecewise linear PM waveform (dashed line). The lower left diagram shows the
behaviour of the interferometer phase (fPM (t)-fM) as a function of time for two different values
of the MIOP. The upper right diagram shows the resulting photocurrent signal.

In the aperture time interval that is centred around the instant ti, an equivalent
piecewise linear PM signal can be written as:

φPM (t ) = φPM (t i ) + ∆φPM ⋅

t − ti
,
1
2 Tg

t i − 21 Tg ≤ t ≤ t i + 21 Tg .

(3.43)

Here Tg is the aperture time and 2DfPM is the corresponding increase of the PM signal.
The photocurrent signal obtained with a two-beam interferometer is given by:
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)

I d (t ) = I b 1 + V ⋅ cos(φ PM (t ) − φ M ) ,
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(3.44)

yielding for the photocurrent integrated over the aperture Tg:
ti + 2 Tg


t − t i  


∫1 I d (t )dt = I b  Tg + V ⋅ ∫1 cos φPM (ti ) − φ M + 2 ∆φPM ⋅ Tg  dt 
ti − 2 Tg
ti − 2 Tg


ti + 12 Tg

1


sin(∆φ PM )
= I b Tg  1 + V ⋅
⋅ cos φ PM (t i ) − φ M
∆φPM


(





.

(3.45)

)

Apart from a slight decrease of the effective fringe visibility due to the sin(x)/x factor,
the linear PM signal of eq. (3.43) apparently yields the same photocurrent sample as a
stepwise PM signal that is given by:

φPM (t ) = φPM (ti ),

ti − 21 Tg ≤ t ≤ ti + 21 Tg

(3.46)

within the same aperture Tg.
With regard to the photocurrent samples obtained, the PM waveforms shown in figure
3.25 are equivalent. A slight disadvantage of the piecewise linear PM waveforms in
comparison with the stepwise waveforms is the slightly larger required amplitude.
3.4.7 Discussion and concluding remarks
Finally in this subsection we present concluding remarks on phase trackers. These
conclusions serve to indicate which of the PMI phase tracking techniques are most
viable for further investigation and utilisation in IO interferometry1. As there are many
different variants conceivable, we will concentrate on some of the major aspects
discussed. These aspects are summarised in table 3.1.
Demodulation channels

A phase-modulated input signal (at angular frequency W), as directly obtainable with a
serrodyne optical PM waveform, allows the IPMI closed-loop phase-tracker architecture
to be employed. This ensures that phase-measurement errors resulting from
imperfectly matched demodulators are avoided. Because of the nulling operation, the
phase-detection characteristic is permitted to be hampered by a directional ambiguity.
Two demodulators are required in the open-loop IPMI phase-tracker architecture.
Either AM modulated harmonics or fringe sampling can be used. To avoid systematic
phase-measurement errors, the gains of the demodulators should be well-matched.
With AM modulated harmonic signals (PGC homodyne) the two AM demodulators
operate at different frequencies, which makes gain-matching difficult. Thus in openloop IPMI phase trackers, digital demodulators are preferred. Then, for the reasons of
efficiency and simplicity the (four-step) fringe-sampling method will be the preferred
choice.

1

Drawing definite conclusions with regard to feasible performance is risky at this stage, since the
techniques have not been extensively evaluated for all conceivable aspects.
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In DPMI phase trackers only one demodulation channel is used, which is therefore
allowed to be analogue. For a given average sample rate the phase-bias modulation
frequency fb in DPMI phase trackers must be considerably higher than the
corresponding PM repetition frequency (equal to the sample rate) that would be
required with the four-step fringe-sampling IPMI phase-tracker. This higher
modulation frequency might therefore imply that an analogue demodulator could be
the preferred choice in DPMI phase-trackers.
Dynamic tracking behaviour

In all phase trackers the ultimate limits on dynamic tracking behaviour are determined
by the feedback loop of the phase unwrapper. Individual phase trackers differ with
regard to the building blocks contained in the loop. The ‘shortest’ feedback loops are
used in the phase-scanning DPMI and in the open-loop demodulation IPMI phase
trackers, where only baseband signal-processing building blocks are present in the
loop. Sampled MIOP data (possibly transformed) is input to the loop. In contrast, with
closed-loop IPMI a phase modulated reference signal is present in the loop, whereas the
loop even includes the interferometer in the DPMI locking technique. In general
achieving stability tends to be more difficult if more elements are present in the loop,
although this is, of course, finally determined by the actual design parameters. Thus,
as a cautious conclusion, we can say that DPMI phase scanning1 and the open-loop
demodulation IPMI architecture will allow the highest loop bandwidth for the phase
unwrapper, and thus, if loop bandwidth would, in fact, be the limiting factor, these are
potentially the best suited techniques for the tracking of rapidly varying measurands.
Synthetic heterodyne premodulator

A synthetic heterodyne premodulator combines several AM modulated (by cos(fM) and
sin(fM)) harmonics into a PM modulated output signal. As pure AM harmonics in the
photocurrent signal are obtained with sinusoidal and triangular optical PM waveforms,
a premodulator may be used with these PM waveforms to yield a PM-modulated signal
format.
Reduction of excess laser intensity noise

As mentioned in subsection 3.4.1, squarewave phase biasing in the DPMI techniques
allows a reduction of the influence of excess laser intensity noise, if an interferometer
with differential output ports is used. Since the noise performance of the phasescanning technique is deteriorated by aliasing of noise (subsection 3.4.2), the practical
intensity-noise reduction will be the highest for the phase-locking technique.
Dependence of PM tuning on the measurand

Two separate effects should be distinguished: (1) dependence of the PM scale factor
error-detection sensitivity on the value of a static MIOP, and (2) the susceptibility of
the error detection to dynamic variations of the MIOP.

1

It is presupposed that a sufficiently high (much higher than the scanning rate) bias-modulation
frequency fb is feasible.

3.4 PHASE-TRACKING TECHNIQUES BASED ON PHASE MODULATION

91

Ad (1): in the PM tuning techniques described for the two DPMI phase-tracking
techniques, the dependence on the static MIOP is completely avoided by choosing the
operational range of the compensating phase modulation fc so large that at least two
PIPCs are contained within that range. In case of the quasi-continuous PM tuning
mechanisms described for IPMI phase-trackers, the error-detection sensitivity
(including its sign) is dependent on the MIOP by means of either sin(fM) or cos(fM).
This dependency can be eliminated by using either an additional (fourth) AMdemodulation channel or actively-invoked PM tuning with a larger PM amplitude
φ$PM ,tun . The measured fM should be utilised to realise the correct sign of the tuning
action.
Ad (2): we can state that this susceptibility is mainly determined by the duration of the
time interval within which the data, on which the determined scale-factor error is
based, is gathered. As this time interval can be as small as the reciprocal average
sample rate, the sample rate is the determinative limitation. In principle for all tuning
mechanisms a conservative feedback rule could be used in order to limit the rate of
adjustment for the analogue gain setting of the actuation back-end.
A reference interferometer structure can be incorporated to avoid both the
dependencies mentioned. Except for the case of the DPMI phase-locking technique, the
exploitation of the reference interferometer output does not restrict the possible
operating modes of the PM tuning mechanism.
Phase-modulator tuning modes

Most of the techniques allow quasi-continuous PM-tuning. Exceptions are the IPMI
concepts based on serrodyne optical PM (which do not provide a tuning mechanism at
all), and the DPMI phase-locking technique if it would be equipped with a reference
interferometer. In this latter case one is forced to accept interruption of the phase
tracker by actively-invoked PM-tuning. Actively-invoked operation has the advantage
that no additional detection (preamp and demodulation) circuitry is required, even if a
reference interferometer output is used.
If a PM-modulated format is directly obtained at a certain photocurrent signal
harmonic (e.g. by using a serrodyne optical PM waveform), then a compatible PMtuning mechanism is difficult to devise. Instead the phase measurement error resulting
from a PM-amplitude error can be reduced by means of a cancellation scheme, which
involves an additional squarewave PM signal for time divison diplexing. The final
phase error bounds are dependent on the expected tolerance of the PM amplitude.

PMI tracking approach

Specific technique

DPMI

using 2 PIPCs per fringe

IPMI using

closed-loop phase
detection (fig. 3.21)

scanning
(fig. 3.18)

AM

single at fb

single at fb

single phase
detector at 2W

single phase
detector at W

dual AM at W
and 2W

single unambig
phase detect W

Coherent
integration

Tracking rate

0

+

0

0

+

+

+

Synthetic heterodyne
premodulator (fig. 3.9) required

no

no

yes

no

no

no

no

Reduct. Excess LD intens. Noise

++

+

0

0

0

0

0

Aspect
Demodulation channels

φ$PM [rad] self-trig, quasi-cont
φ$PM ,tun , activ-invok
PM tuning
modes

»> p
+p/2 for
»> p
+p/2 for

bias

»> p
+p/2 for

bias

2.82

»> p

3.83 (5.13)

+p/4
TDD
for

p
p

bias

PM

harmonic,
opt. PM

,

using open-loop demodulation
(fig. 3.20)

locking
(fig. 3.15)

,

harmonics,
opt. PM

IPMI

PM

2.63
2.90
3.83 (5.13)
3p/2 (2p)

PM

PM,

4-step

»> p

3p/4

+p/4
TDD
for

3p/2

reference interferom.
absent

self-trig,
quasi-cont

quasi-cont

quasi-cont,
activ-invok

no PM tuning
possible,

quasi-cont,
activ-invok

no PM tuning
possible,

quasi-cont,
activ-invok

reference interferom.
present (fig 3.14)

activ-invok

quasi-cont

quasi-cont,
activ-invok

instead error
compensation

quasi-cont,
activ-invok

instead error
compensation

quasi-cont,
activ-invok

Table 3.1 Summary of phase tracker aspects. Legend: ++=very good, +=good, 0=average, -=bad, --=very bad.
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Optical phase-modulation amplitude

Several slightly different PM amplitudes have been mentioned in this section. The
smallest PM amplitude (3p/4) is required with the four-step fringe-sampling IPMI
technique. The largest PM amplitudes (roughly 3p/2) are apparently required with the
DPMI techniques. However, these large amplitudes are predominantly due to the
feature of MIOP-independent quasi-continuous PM-tuning. With a smaller PM
amplitude (the minimum would be p) the possibility for individual PM-tuning actions
to be carried out becomes dependent on the MIOP1.
As mentioned previously, actively-invoked
operational range of the phase modulator.

PM

tuning tends to increase the required

Conclusion

It can be concluded from the above discussion that the four-step fringe-sampling IPMI
technique and the phase-scanning DPMI technique are probably the most viable PMI
phase-tracker concepts for the purpose of accurately sensing quasi-static measurands.

3.5 ASPECTS OF FRINGE ORDER DETERMINATION
As mentioned in section 3.1, the purpose of a fringe-order determination technique is
to provide the phase-tracker with the absolute MIOP. The principle is based on the
measurement of the measurand-induced synthetic phase (MISP) at a synthetic
frequency which is much smaller than the optical frequency. Phase-tracking
techniques should be utilised in order to measure the MISP (including its sign)
sufficiently accurate to bridge the gap with (the fringe-order of) optical-phase
measurements2.
In this section we will introduce the performance aspects of fringe-order
determinators. In section 3.6 we consider the actual fringe-order determination
techniques.
3.5.1 Performance aspects of fringe-order determinators
Ambiguity-length extension factor and required phase-tracker accuracy

The functional parameter that characterises a fringe-order determinator is the
ambiguity-length extension factor ALEF, introduced in subsection 2.3.4. It is roughly
equal to the ratio of the optical frequency to the synthetic frequency. In the absence of
errors, the larger the ALEF factor is chosen, the larger the operational range of the

1
2

This will be discussed in greater depth in chapter 4.

The literature gives several reports of stand-alone synthetic-frequency interferometric techniques to
measure (large) absolute optical lengths [63,101,67,105,117,118]. Since these techniques do not rely on
a phase tracker for the optical phase measurements, they are unable to determine the sign of the MISP.
As a consequence the interferometer should be strongly unbalanced (i.e. should operate at a large
interferometer phase), while the obtainable accuracy is insufficient to enable a reliable determination of
the integer fringe order.
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hybrid interrogator will be, but also the higher the required accuracy of the phase
tracker must be.
Synthetic frequency stability

The error budget, discussed in subsection 2.4.5, gives the practical upper bound to the
useful ALEF factor. One important component of this budget is due to the relative error
of the synthetic frequency.
Operation with dynamic measurands

In order to ensure a correct integer fringe-order determination, the accuracy of the
synthetic-phase measurement must be high. Dynamic changes of the measurand may
degrade the accuracy of the synthetic-phase determination for two distinct reasons.
First, the synthetic phase is determined from the small difference of two, much larger,
measured optical phases. Already tiny changes of the measurand, occurring in the
meantime between these two phase measurements, may therefore easily yield an error
in the synthetic phase which exceeds the error budget. Second, when the measurand
has changed in the meantime, the fringe order derived may be obsolete by the time it
is established. The first reason is the most significant one.

3.6 FRINGE-ORDER DETERMINATION TECHNIQUES
The synthetic frequency can be realised by (1) using two separate optical sources at
different frequencies, or by (2) changing the frequency of a single source1 [107]. In the
latter case we can further distinguish between discrete changes and continuous
changes. A combination of (1) and (2) has also been reported [120]. In this section we
will consider the principles of both approaches.
First in subsection 3.6.1 we shall describe the procedure for extraction of the optical
fringe order from wrapped-phase measurements. Then in subsection 3.6.2 the
possibilities for diplexing two wavelengths on the same interferometer will be
addressed. In section 3.6.3 the FMCW method, based on continuous modulation of the
wavelength of a single LD, will be described. Finally a brief comparison of the dualwavelength and FMCW techniques will be presented in subsection 3.6.4.
3.6.1 Determination of the fringe order
The link between measurand-induced synthetic phase (MISP) and measurand-induced
optical phase (MIOP) is given by the ALEF factor, as defined in eq. (2.34):

1

In subcarrier interferometry [109] the synthetic frequency is realised by means of intensity modulation
of an incoherent optical source. Because the source is incoherent, the power distribution at the output of
the interferometer results from addition of the optical powers rather than the optical fields. Rapid
modulation of the source intensity results in a temporal output power distribution with a magnitude that
depends on the cosine of the path difference of the interferometer. The synthetic frequency is equal to
the modulation frequency and the synthetic phase is equal to the argument of the cosine. Unfortunately,
the gap between the feasible oscillation frequency of the electronic circuitry and the optical frequency is
too large to allow a reliable fringe-order determination. Furthermore the optical path difference should
be much larger than the coherence-length.
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ALEF (ω1 , ω s ) =

φ M (ω1 )

φ M ,s (ω s )

.
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(3.47)

In this subsection we describe the procedure for determining the integer fringe order
with which the phase tracker must be loaded, starting from wrapped optical-phase
measurements. A similar procedure for free-space interferometry was described by de
Groot [115].
Fringe-order determination procedure

For simplicity we will neglect the possible optical-phase bias, a subject that has been
sufficiently treated in subsections 2.4.1 and 2.4.3. The a priori unambiguous range of
the synthetic phase fM,s is therefore chosen symmetrically around zero, corresponding
to the interval − π ≤ φ M ,s < π . Starting from the initial phase measurements with
meaningless fringe order at angular optical frequencies w1 and w2, the wrapped phases
fM,f(w1) and fM,f(w2) are obtained by truncation: − π ≤ φ M , f (ωi ) < π ; i = 1,2 . Next
the MISP at the angular synthetic frequency ω s = ω1 − ω 2 is determined from fM,f(w1)
and fM,f(w2) by subtraction and truncation according to1:

(

)

φ M ,s (ω s ) = φ M , f (ω1 ) − φ M , f (ω 2 ) mod 2π .

(3.48)

For the sake of clarity the employed definition of the modulus function is illustrated in
figure 3.26.

Fig. 3.26 Modulus function.

It is assumed that the MIOP at frequency w1 is to be determined. By definition it equals:

φ M (ω1 ) = 2π ⋅ N 1 + φ M , f (ω1 ) ,

(3.49)

with N1 denoting the integer fringe order at w1. An estimate to fM(w1) can be obtained
from the synthetic phase by calculating:

φ M ,est (ω1 ) = ALEF (ω1 , ω s ) ⋅ φ M ,s (ω s ) ,

(3.50)

where the ALEF factor is known from calibration (see chapter 2). The integer fringe
order at w1 may now be calculated as:

1

The truncation is not required for the FMCW technique to be discussed in subsection 3.6.3. Moreover,
the range of fM,s(ws ) may exceed 2p with this technique.
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 φ M ,est (ω1 ) − φ M , f (ω1 ) 
,
N 1 = rnd 

π
2



(3.51)

where rnd(x) rounds x to the nearest integer. The rounding is necessary because of the
limited absolute accuracy of the estimated quantity fM,est(w1). Obviously, the fringe
order thus determined is correct if fM,est(w1) is within ±p of the actual fM(w1).
The last step in the fringe order determination procedure is to load the phase-tracker
with the quantity 2pN1.
3.6.2 Diplexing methods for dual-wavelength fringe-order determination
Obviously the synthetic phase is only meaningful if the wrapped phases fM,f(w1) and
fM,f(w2) are measured on the same interferometer. In this subsection several
techniques for diplexing two wavelengths (from separate LD sources) on a single
interferometer will be examined (the optical conditioning function in figure 3.1). We
presuppose that separate PMI phase trackers, with automatic PM tuning, are employed
for carrying out optical-phase measurements at both wavelengths.
Wavelength-division diplexing (WDD)

The WDD method is based on optical-wavelength filtering to separate the two
wavelengths at the output(s) of the interferometer. A possible construction is shown in
figure 3.27 for a Mach-Zehnder interferometer (MZI) and uses the band-pass response
of a Bragg grating reflector [158]. The centre wavelengths of the grating filter
response are matched to the respective LD wavelengths. A similar (fibre-optic)
topology, although based on a broadband optical source rather than two single-mode
LDs, was reported in the literature [121].

Fig. 3.27 Wavelength division diplexing based on optical filtering.

Time-division diplexing (TDD)

The time-division diplexing (TDD) method may be implemented by alternate on/off
switching of 2 LDs, as illustrated in figure 3.28, by inserting optical switches in both
feeding waveguide channels, or by squarewave modulation of the wavelength of a
single LD source.
The TDD method has been reported in free-space interferometry using both LD on/off
modulation [102] and external optical switching [111]. External optical switching has
advantages over LD on/off switching with regard to the maximum switching rate.
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Fig. 3.28 Time-division diplexing of wavelengths by laser on/off switching.

Wavelength identification by intensity modulation

A third diplexing method is based on ‘labelling’ the lightwaves at the two
wavelengths by intensity modulation at different frequencies W1 and W2, as illustrated
in figure 3.29. Coherent demodulation of the resulting photocurrent signal at W1 and
W2 is applied to yield separate signals for the respective two wavelengths. The
intensity modulation may be accomplished by LD injection-current modulation, as
shown in figure 3.29, or by external optical-intensity modulation. In general the
modulation frequencies have to be much higher than those used for AC-phase
modulation in the phase tracker.

Fig. 3.29 Diplexing of the two wavelengths by means of intensity modulation at different
frequencies W1 and W2.

The wavelength labelling by means of
fibre-optic systems [100,106].

LD

intensity modulation has been reported for

Wavelength identification using dual-frequency AC-phase modulation

A fourth, and last, wavelength diplexing method for two-beam interferometers is
based on the use of AC phase modulation to label and separate the two wavelengths. In
this method a separate optical phase-modulator (employed by the phase-trackers) is
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required for each wavelength, as is illustrated in figure 3.30. To enable the separation
the photocurrent signal components associated with each wavelength, different
modulation frequencies W1 and W2 are used for each of both phase-modulation signals
and, of course, for the respective coherent demodulators.

Fig. 3.30 Wavelength labelling using AC phase modulation at different frequencies W1 and W2.
Separation of the respective photocurrent signal components is carried out by the coherent
demodulators which are already available in the phase tracker.

The required interferometer topology of figure 3.30 easily provides a reference
interferometer. Such a reference interferometer output is indispensable as the dualwavelength phase measurements would otherwise not be associated with the same
interferometer structure, thus making their difference meaningless. The reference
output allows the measurement of the phase difference at the entrance of the sensing
interferometer. The synthetic phase that is indicative of the measurand only, should be
determined according to:

{
}
= {(φ (ω ) − φ (ω )) − (φ (ω ) − φ (ω ))} mod 2π

φ M , s = φ M , f (ω1 ) − φ M , f (ω 2 ) mod 2π
so , f

1

ro , f

1

so , f

2

ro , f

(3.52)

2

where fso,f(wi) is the wrapped phase measured at the sensing interferometer output and
fro,f(wi) is the wrapped phase measured at the reference output.
To the author’s knowledge there have been no literature reports describing this
method. It is inspired by a similar method using heterodyne phase tracking in freespace interferometry [108,112,114].
Discussion on diplexing methods

Here we present a qualitative discussion on some of the merits and demerits of the
various diplexing techniques, using the performance criteria presented in section 3.5.
The maximum feasible ambiguity length extension factor (ALEF) is ultimately
determined by the minimum feasible frequency difference ( ω1 − ω 2 ). However, the
achievable selectivity and discrimination of the optical filtering will form the practical
limitation on the maximum ALEF in the WDD method. In the case of the intensitymodulation diplexing method based on LD intensity modulation, the unavoidable
wavelength modulation may present the practical limit to the maximum feasible ALEF.
With other diplexing techniques comparable effects are absent, so that for these
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techniques the feasible ALEF will, in fact, be determined by the minimum feasible
frequency difference ω1 − ω 2 (which is, in turn, dependent on the frequency stability).
As mentioned in section 3.5, dynamic changes of the measurand, occurring inbetween subsequent optical-phase measurements, may cause the available error
budget to be exceeded. The wavelength diplexing methods discussed do not differ
fundamentally in the time that elapses between these measurement instants. As
mentioned in the beginning of this subsection, in a practical configuration both
wavelengths will not share a single phase-tracker on a time-division basis, but instead
separate phase-trackers are used for each wavelength. This method of approach avoids
the transient time limitations (due to the demodulator response time) that would
become manifest on alternating a single-phase tracker between both wavelengths. In a
diplexing scheme using LD modulation (on/off switching, intensity modulation or
squarewave wavelength modulation), the relative large LD response time may form a
practical limit to the modulation frequency, and may therefore result in significantly
degraded synthetic-phase accuracy for measurand transients.
Even though separate phase-trackers are used for both wavelengths, they share the
same optical-phase modulator in most diplexing schemes. The only exception is the
dual-frequency AC phase-modulation technique, which employs separate phase
modulators. If the same phase modulator is simultaneously used by both phasetrackers1, we are faced with the problem that its scale factor will be mis-tuned for one
of the wavelengths (say l2), giving rise to an error in the measured synthetic phase.
The precise magnitude of this synthetic-phase error is dependent on the-phase tracking
technique used, but as a fair estimate of its maximum we can use the error in the PM
amplitude φ$PM (ω 2 ) . This error, δφ$PM (ω 2 ) , is approximately equal to:

ω − ω1 $
δφ$PM (ω 2 ) ≈ 2
⋅ φPM .
ω1

(3.53)

Recalling the expression for the error budget in subsection 2.4.5, we observe that this
budget will be exceeded if φ$PM > π , which is, in fact, a quite common PM amplitude.
We are led to conclude that the simultaneous use of a single optical-phase modulator
for both wavelengths is not possible without exceeding the error budget for correct
fringe-order determinations. To solve this complication, either a single phase
modulator must be employed in TDD (using the corresponding analogue gain settings
of the PM actuation back-end), or separate phase modulators for each of both
wavelengths must be used, as in the dual-frequency AC phase-modulation technique.
In principle separate phase modulators can also be used with the other diplexing
techniques (WDD and intensity modulation), provided that an interferometer topology
as in figure 3.30 is used. However, in that case the dual-frequency AC phasemodulation diplexing technique is preferred.

1

Note that this is impossible with the DPMI phase-locking technique.
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Conclusion

It appears from the above discussion that the novel diplexing method by means of
dual-frequency AC phase modulation is the least limiting method for use with PMI
phase trackers.
3.6.3 Source-frequency modulation (FMCW)
Using two discrete wavelengths, phase measurements with an ambiguity length larger
than the optical wavelength could be made. The smaller the wavelength separation,
the larger the synthetic wavelength (ambiguity length). As was discussed in chapter 2
however, the stability of the two wavelengths becomes increasingly critical when
larger ambiguity lengths are desired.
Alternatively it is possible to change the wavelength of a single LD by exploiting its
dependence on the temperature of the active lasing region. A temperature change can
be induced by modulation of the injection current. Typical injection-current
sensitivities of the laser wavelength are in the order of 10ppm/mA [159,162]. At
comparable synthetic wavelengths this method renders a synthetic frequency stability
which is inherently superior to that obtainable using dual free-running LD sources. In
this subsection we shall describe the operation of a fringe-order determination
technique based on continuous-wave frequency modulation (FMCW) of the LD source1.
Principle of FMCW operation

In order to explain the principle of synthetic phase measurements based on FMCW, we
consider a LD which is supplied with an injection current:
I LD (t ) = I LD ,0 + ∆I LD (t ) ,

(3.54)

consisting of a DC bias component ILD,0 and a periodic AC modulation DILD(t). The
resulting instantaneous laser angular frequency is ω ( t ) = ω0 + ∆ω ( t ) , and consists of
the central frequency w0 and the frequency modulation ∆ω (t ) ~ ∆I LD (t ) . Using the
terminology as introduced in subsection 2.3.4, the time-dependent MIOP can be written
in the form:


1

φ M (ω (t )) = φ M (ω 0 ) ⋅  1 +
ALEF (ω 0 , ∆ω (t ))  ,


(3.55)

= φ M (ω 0 ) + ∆φ M (t )

1

The principle of FMCW interferometry stems originally from radar [17] and has been adapted to
coherent LIDAR (LIght Detection And Ranging) and coherent fibre-optic interferometric sensors
[52,63,67,105,99,113]. In these application areas the term FMCW usually refers to linear (sawtooth)
frequency chirping, resulting in a linear sweep over the interferometer fringe pattern. Also, since the
optical lengths to be measured are usually in the order of centimetres or more, the wavelength chirp
sweeps the interferometer through multiple fringes and the resulting (piecewise) sinusoidal photocurrent
signal may be conveniently analysed by period measurement [63,98], by counting the number of
periods [101], or by spectral analysis [52,119,99]. It should be noted that these FMCW interrogation
methods in general do not use a phase tracker. As a consequence, such methods are less accurate and
they cannot be used with nominally balanced interferometers. In this thesis the FMCW technique utilises
a phase tracker. Also the frequency chirp does not need to be a sawtooth.
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where ALEF(w0,Dw(t)) is the ambiguity-length extension factor. The amplitude ∆φ$M of
the AC quantity DfM(t) can be considered as the synthetic phase, and can be used for
fringe-order determination. Since ALEF-1(w0,Dw(t)) is proportional to Dw(t) (see
subsection 2.3.4), the amplitude ∆φ$M is given by:
∆φ$M =

φ M (ω 0 )

ALEF (ω 0 , ∆ω$ )

,

(3.56)

where the amplitude ∆ω$ can be considered as the synthetic frequency. The quantity
ALEF(w0, ∆ω$ ) is determined by the usual ALEF calibration.
As the synthetic phase now appears as the amplitude of an AC quantity, incremental
real-time phase tracking removes the 2p ambiguity in the synthetic phase
determination completely. Thus FMCW combined with phase tracking allows the range
of the MISP to exceed 2p, which is of use for large-operational range optrodes.
For practical LDs the linear FM modulation range is an estimated 100 ppm, resulting in
a maximum synthetic frequency of about 10-4 times the optical frequency. Obviously
this synthetic frequency is much smaller than what is feasible with a free-running
dual-LD concept.
FMCW architecture for fringe-order determination

Figure 3.31 illustrates the architecture of an FMCW fringe-order determinator with a
Mach-Zehnder interferometer. It is a generalisation of a heterodyne technique
described by Kikuta et al. [103,104], and a variant on a phase-locking DPMI technique
described by Sasaki et al. [83]. Due to the use of a phase tracker it is expected to
provide a higher accuracy than a variant using an FM demodulator, which was recently
reported [123].

Fig. 3.31 Architecture for FMCW technique, illustrated for a Mach-Zehnder interferometer.

The architecture of figure 3.31 will now be explained briefly. A waveform generator
modulates the laser wavelength using injection-current modulation by means of the
laser driver. Incremental changes of the MIOP fM(t) are tracked by the phase tracker in
real time. The phase tracker eliminates the influence of laser-intensity modulation.
The magnitude of the AC synthetic phase DfM(t) is measured by means of coherent
(lock-in) detection, using a synchronous reference signal which is supplied by the

102

3 INTERROGATION TECHNIQUES FOR COHERENT INTERFEROMETRIC SENSORS

waveform generator. Lock-in detection serves to make the synthetic-phase
measurement insusceptible to slow dynamic changes of the measurand. Therefore the
FM modulation frequency should be larger than the spectral bandwidth of the
measurand. Practical modulation frequencies are in the order of 1 kHz.
Using the synthetic phase, an estimate of the MIOP at the central optical wavelength,
fM,est(w0), is obtained by a similar calculation as eq. (3.50):

φ M ,est (ω 0 ) = ALEF (ω 0 , ∆ω$ ) ⋅ ∆φ$M .

(3.57)

Here ∆φ$M is the amplitude of the AC synthetic phase and ∆ω$ is the FM amplitude.
The wrapped

MIOP

at the central optical wavelength, φ M , f (ω 0 ) = φ M (ω 0 ) mod 2π , is

easily obtained by (1) averaging the phase-tracker output signal, and (2) determining
the fractional fringe part (i.e. the modulo 2p MIOP value) by truncation. As soon as the
quantities fM,est(w0) and fM,f(w0) have been established, the fringe-order can be
determined using the procedure of subsection 3.6.1.
3.6.4 Performance comparison of fringe-order determinators
In this subsection we shall present a brief comparison of the methods of (1) dualwavelength interferometry using separate free-running LDs and (2) FMCW
interferometry using a single LD. Aspects are the feasible ambiguity-length extension
factor (ALEF), the synthetic-frequency stability and the vulnerability to dynamic
variations of the measurand (see section 3.5). The final suitability of either of the two
methods is strongly dependent on the application.
Limits to the ambiguity-length extension factor (ALEF)

In the FMCW method there is a maximum feasible synthetic frequency, equal to the
linear FM range of the LD (typically some 100 ppm). This corresponds to a minimum
4
ALEF factor (roughly 10 ).
Conversely, in the dual-LD method there is a minimum feasible synthetic wavelength,
determined by the relative stability of the synthetic frequency (which is realised as the
difference between the two optical frequencies). This results in an upper bound to the
feasible ALEF factor (in the order of 10L100 ).
Required synthetic-phase accuracy

To facilitate the discussion we repeat the expression from subsection 2.4.5 for the
error budget that allows correct fringe order determinations:

δω1
δω s 
−
 ⋅ φ + δφ M , s ⋅ ALEF < π
+
 ALEF ⋅ ω s ω s  M ,s

(3.58)

The portion of the error budget that is consumed by the synthetic-phase error, is
proportional to the ALEF factor. Consequently, the FMCW method requires a much
higher synthetic-phase accuracy than the dual-LD method. For instance, with
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ALEF = 10 4 , a synthetic-phase error of only δφ M , s (ω s ) = π ⋅ 10 −4 will consume the
error budget completely.
Synthetic-frequency stability

Besides the synthetic-phase error the other entry in the error budget is formed by the
relative errors in the optical and synthetic frequencies. Using the identity
φ M , s (ω s ) ⋅ ALEF = φ M (ω1 ) and the approximation ω1 ≈ ALEF ⋅ ω s we can rewrite the
error budget as:
 δω1 δω s 
−
 ⋅ φ (ω ) + δφ M ,s ⋅ ALEF < π .
+
ωs  M 1
 ω1

(3.59)

This form shows that the contribution of relative frequency errors is proportional to
the MIOP. Therefore in practice the range over which the fringe order of the MIOP can
be safely determined may be smaller than ALEF ⋅ 2π .
Determinative for the influence of relative frequency errors is their correlation. If the
correlation is full (i.e. δω1 ω1 = δω s ω s ), the influence is cancelled out. For the
FMCW method the correlation of ∆ω$ and w0 will be high, since both are similarly
affected by environmental factors. Consequently, if the FMCW method is used, the
fringe order of the MIOP can be correctly determined over a large range.
On the other hand, in the dual-wavelength method the correlation of the optical and
synthetic frequencies will be much weaker. To make this clear we rewrite the relative
frequency errors in terms of relative errors in the primary optical frequencies:
 δω1 δω 2 
δω s δω1 δω1 − δω 2 δω1
ω2
−
=
−
=
⋅
−

ωs
ω1
ω1 − ω 2
ω1
ω1 − ω 2  ω1
ω2 
 δω1 δω 2 
≈ ALEF ⋅ 
−

ω2 
 ω1

.

(3.60)

The relative primary-frequency errors are amplified by the ALEF factor, which is
remarkably different to the situation for the FMCW method. Furthermore, since the
primary optical frequencies are associated with different free-running LD sources, the
correlation of their relative errors will be smaller than in the case of a single LD
source. As the drift of the temperature difference of the two LDs will be an important
cause of primary frequency errors, it is expected that the correlation can be improved
somewhat by a good thermal coupling, an opportunity offered specifically by IO
technology. Another approach to reduce uncorrelated primary frequency errors is the
frequency-locking technique which will be described in section 3.7.
Vulnerability to dynamic measurands

The last remaining point of interest is the influence of dynamic changes of the
measurand during synthetic-phase measurements. In the FMCW technique the FM
frequency must be higher than the spectral bandwidth of the measurand. A limit is set
by the modulation bandwidth of the LD, yielding practical values of the FM frequency
in the order of 1 kHz. Obviously this restricts the permissable spectral bandwidth of
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the measurand to about 100 Hz. The same bandwidth limitation is present if a single
LD is squarewave FM modulated in a TDD diplexing scheme. For the dual-wavelength
techniques employing separate LDs this limitation is not inherently present but only if
the diplexing involves LD modulation.

3.7 PERIPHERAL FUNCTION: FREQUENCY STABILISATION
In this section we propose to servo-lock the dual-LD optical frequencies to the same
single reference length on the IO chip. The reference length can be implemented as the
path difference of an interferometer (or the cavity length of a resonator). This method
of approach serves two ultimate goals: (1) stabilisation of the KM(w1) scale factor, i.e.
the MIOP versus the measurand M, at its calibrated value, and (2) stabilisation of the
required ALEF(w1,ws) factor at its calibrated value. Calibration of both quantities is
part of the ideal system calibrations (see subsection 2.3.5).
3.7.1 The purposes and principles of frequency stabilisation
Stability of the KM(w1) scale-factor

The KM(w1) scale-factor relates the measurand M to the MIOP fM(w1). Therefore a
stable measurement result relies directly on the stability of this scale-factor. From
subsection 2.3.4 we repeat:
K M (ω ) =

((

)

)

1
N
⋅ N g( 0) ⋅ S ML + L( 0) ⋅ S M g ⋅ (ω − a ( 0) ) − L( 0) ⋅ N g( 0) ⋅ S Ma .
c

(3.61)

In principle KM(w1) may be hampered by an error due to several mechanisms. As the
LD junction temperature may be correlated only weakly to the IO substrate
temperature, it will be assumed that an error in the optical frequency w1 is the most
likely cause of scale-factor error. To reduce this error, the optical frequency must be
stabilised, which can be accomplished by locking the LD frequency to a predetermined
interferometer phase condition (PIPC) of an unbalanced reference interferometer1,
which is realised on the IO substrate for improved correlation. Clearly this useful
option is again provided specifically by IO.
Stability of the required ALEF(w1,ws)

In subsection 3.6.4 we analysed the influence of uncorrelated relative errors in the
primary optical frequencies of dual LD sources and concluded that this is a potentially
serious problem, especially for large values of ALEF. The influence of these errors may
be formulated as a deviation of the required ALEF (for the actual frequencies) from the
calibrated ALEF. Stabilisation of the required ALEF to the calibrated ALEF can thus be
realised by locking both primary laser frequencies to distinct PIPCs of the unbalanced
reference interferometer. This stabilisation principle was introduced by de Groot and
Kishner for free-space interferometers [116].

1

The unbalanced reference interferometer for frequency stabilisation should not be confused with the
reference interferometer for phase-modulator scale-factor tuning (subsection 3.3.4).
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3.7.2 Dual-wavelength frequency-stabilisation technique
In this subsection we will briefly consider some practical aspects of frequencystabilisation techniques.
Subsystem architecture

The architecture of a dual-wavelength frequency locking subsystem is shown in figure
3.321.

Fig. 3.32 Dual-LD frequency-stabilisation architecture.

The principle of operation is to lock each LD frequency to a unique PIPC of a single
unbalanced reference interferometer. Diplexing and dediplexing functions as
discussed in subsection 3.6.2 make it possible to use both wavelengths on the same
reference interferometer. Frequency locking is accomplished by AC phase-bias
modulation and lock-in detection (coherent AM demodulation) similar as discussed in
subsection 3.4.1 for DPMI phase-tracking techniques. In this case the output signal of
the lock-in detectors is used as the error signal to a servo-loop controller. The LD
temperature (and thus the laser frequency) is controlled such that the reference
interferometer is locked in a PIPC, in a similar way as discussed in subsection 3.4.1.
Separate independent locking-channels for the two LDs are used.

1

It is not difficult to imagine that, with some modifications, the locking system of figure 3.32 could also
be used for stabilising the FM amplitude of a single LD in an FMCW system. Using LD frequency
modulation the output signal of the lock-in detector consists of harmonics of the applied FM waveform.
If the FM waveform is a sinewave, the harmonic strengths are proportional to Bessel functions of the FM
amplitude. Thus similar techniques as described in subsection 3.4.5 for PM amplitude tuning can be
used to control the FM amplitude.
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Free spectral range (FSR) of the reference interferometer

The free spectral range (FSR) of an (unbalanced) interferometer is the optical
frequency shift that induces a shift of one fringe in the interferometer phase. The FSR
is linearly proportional to the phase unbalance of the interferometer.
The FSR of the reference interferometer must be chosen slightly, but not excessively,
larger than the maximum expected frequency drift of the free-running LD. In this way
the servo loop can find the PIPC of the desired fringe order without ambiguity. In order
to ensure that a PIPC can be found within the LD frequency tuning range, the FSR
should not be much larger than required.
Suitable wavelength-diplexing techniques for synthetic frequency stabilisation

To enable synthetic-frequency stabilisation, the dual wavelengths need to be diplexed
on the reference interferometer. In principle the same diplexing techniques as
described in subsection 3.6.2 can be used.

3.8 SUMMARY AND CONCLUSIONS
In this chapter we have presented and discussed several techniques which realise the
functions required in an interferometric interrogation system. A main distinction is
made between the functions of (1) phase tracking to deal with directional ambiguity,
sensitivity fading and unknown background current and fringe visibility and (2)
fringe-order determination, to overcome the fringe-order ambiguity. Peripheral
functions were considered for (1) reducing the phase-measurement error due to a
mistuned PM scale-factor and for (2) stabilising the optical and synthetic frequencies.
In most cases the techniques were derived from existing basic concepts and tailored to
the specific requirements and possibilities of IO. The character of the work was rather
explorative. The main conclusions will now be summarised.
Phase tracking and PM scale-factor tuning

The influence of an uncertain background current and of quasi-static error sources,
adding to the photocurrent signal, are eliminated by employing AC optical-phase
modulation and coherent demodulation of the photocurrent signal in all phase tracking
techniques.
Elimination of the influence of uncertain fringe visibility and detection circuitry gain
factor (multiplicative errors) is achieved by means of optical-phase compensation to
achieve a predetermined interferometer-phase condition (PIPC) in the direct phase
modulation interferometry (DPMI) approach (subsection 3.4.1). Analogue
demodulation is preferred in the DPMI approach, because of the potential speed
advantage offered. A phase-locking DPMI technique has been presented which features
a novel reset mechanism to suit the small operational range of an IO electro-optical
phase modulator (subsection 3.4.2). In addition, a novel DPMI technique based on
phase scanning has been introduced in subsection 3.4.2 as well. Compared to the
phase-locking technique, the phase-scanning technique allows easier PM scale factor
tuning, especially when a reference interferometer is used to improve tuning accuracy
(see further on).
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In the indirect phase modulation interferometry (IPMI) approach (subsection 3.4.3)
either two gain-matched AM demodulation channels or a single phase-detection
channel can be used, depending on the modulation format of the photocurrent signal
harmonics. In order to achieve a small phase-measurement error in the open-loop
architecture (figure 3.20), it is important that the gains of the two demodulators are
well-matched. For this reason a digital implementation is preferred. Digital
demodulation, in turn, favours the use of fringe sampling PM waveforms, which were
introduced here to the field of guided-wave interferometry (subsection 3.4.6). Phase
detection is preferably combined with the closed-loop demodulation IPMI architecture
of figure 3.21.
Within each phase tracker, phase unwrapping (based on the presumption of a
continuous MIOP evolution) is the essential subfunction that extends the tracking range
beyond one interference fringe. A feedback phase-unwrapper is suitable for all phase
trackers described (subsection 3.3.3). By using a digital implementation, fundamental
limitations on the tracking range are completely avoided, even though range
limitations are present in the subsystems of the electro-optic phase modulator
(especially in IO) and its actuation back-end. For most of the phase tracking techniques
described, the required operational range amounts to less than 3p radians (the
maximum holds in the case of DPMI techniques, subsection 3.4.2). The smallest range
(3p/2) is required with the newly introduced four-step fringe-sampling PM waveform
(subsection 3.4.6) in the IPMI approach.
It is argued that the use of squarewave AC phase biasing (phase-bias amplitude p/2) in
DPMI techniques allows a reduction of the influence of excess laser-intensity noise to
be achieved in two-beam interferometers with differential output ports. The
significance of this novelty is related to high optical-power levels, where excess
intensity noise would normally dominate. Because of noise aliasing, the DPMI phasescanning technique will capture more noise than the DPMI phase-locking technique
does.
The influence of a phase-modulator scale-factor error is an important aspect for all
PMI phase trackers and therefore it has received considerable attention in this chapter.
Except for the IPMI technique using a serrodyne PM waveform, we have described a
compatible PM-tuning technique for each phase-tracking technique. An important
aspect of PM-tuning techniques is the mode of operation. Most attractive is the quasicontinuous mode of operation as it does not require interruption of the phase tracker.
This mode of operation is possible with the DPMI phase-scanning technique and with
the IPMI techniques using either AM-modulated harmonics or fringe-sampling. With
other techniques, either an actively-invoked or a self-triggered operation can be used,
which incurs the disadvantage of phase-tracker interruption. A referenceinterferometer output enables MIOP-independent tuning of the PM scale factor
(subsection 3.3.4). For quasi-continuous operation the reference output requires it own
(additional) demodulation circuitry. For the IPMI phase tracker using a serrodyne PM
waveform, the influence of a mistuned PM amplitude can be reduced by means of a
technique that involves an additional squarewave optical PM signal for time-division
diplexing of a compensating photocurrent signal (figure 3.23).
All aspects considered, the DPMI phase-scanning technique and the IPMI fringesampling technique are believed to be the most promising techniques for the purpose
of accurately sensing quasi-static measurands.
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Fringe-order determinators

As described in chapter 2, the function of fringe-order determinators is to eliminate
the integer fringe-order ambiguity of the phase-tracker output. The integer fringe order
is calculated from synthetic phase measurements and the wrapped optical phase,
according to the procedure described in subsection 3.6.1. The synthetic frequency is
realised either as the difference of two discrete optical frequencies (dual wavelength
approach) or as the induced continuous frequency modulation of a single light source
(FMCW approach). By tracking the phase at these optical frequencies, the synthetic
phase can be determined as the optical phase difference or variation. We have defined
performance aspects of fringe-order determinators in section 3.5. Subsequently a
number of methods to realise the synthetic frequency and to perform the syntheticphase measurement have been discussed in section 3.6.
The primary performance aspect is the feasible ambiguity length extension factor
(ALEF). The feasible ALEF, in turn, is determined by the synthetic frequency (and its
stability), and by the synthetic-phase accuracy (and its degradation due to dynamic
measurand variations).
Depending on the way in which the synthetic frequency is realised, there will be either
a minimum or a maximum to the feasible ALEF (subsection 3.6.4). In the case of a
single frequency-modulated LD, the minimum feasible ALEF is determined by the
linear modulation range of the LD. This minimum ALEF implies that the syntheticphase accuracy must be high, which may denote an important disadvantage, especially
with rapidly varying measurands (since the LD modulation frequency is limited by
thermal time constants). On the other hand, if the required phase resolution is feasible,
the large ALEF obtainable with a single LD allows a larger operational range (even
beyond the ambiguity length of the synthetic frequency in the case of FMCW
operation). If separate dual LD sources are used, the maximal feasible ALEF is
proportional to the relative stability of the two LD frequencies. The possibility offered
by the dual wavelength approach to realise higher synthetic frequencies relaxes the
requirements for the synthetic phase resolution. The relative frequency stability of the
LD frequencies can be improved by locking both LDs to a single unbalanced reference
interferometer using suitable diplexing techniques (section 3.7).
With regard to the dual-wavelength approach we have discussed several techniques to
diplex two optical frequencies on the same interferometer structure. To avoid a
synthetic-phase error due to the inherent miscalibration of the PM scale factor at one of
the optical frequencies, either (1) a separate (calibrated) phase modulator at each
frequency has to be used, or (2) a single phase modulator has to be shared by two
phase trackers in time-division. The novel diplexing method by means of dualfrequency AC phase modulation, described in subsection 3.6.2, employs the former
principle. This novel method is preferred with rapidly varying measurands, because of
the potential for better simultaneity of the dual optical-phase measurements. The latter
method (time-division sharing) is attractive if the dual wavelengths are also timedivision diplexed (TDD) on the interferometer. The TDD method may be an attractive
option for applications in which the measurand varies only slowly.
Thus it depends on the application (required range) which of the fringe-order
determination techniques will finally be preferred.
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Peripheral function: frequency stabilisation

The stability of the optical frequencies used in an IO interferometric sensing system
can be improved by locking to a predetermined interferometer-phase condition (PIPC)
of an unbalanced reference interferometer (section 3.7). By using the same reference
interferometer for all the optical frequencies employed in the system, it is possible to
improve the stability of both the optical and the synthetic frequencies. This latter
principle is believed to be original within the field of guided-wave interferometry.
Synthetic frequency stabilisation may be of particular importance if a small synthetic
frequency is to be realised using separate LDs.
By implementing the reference interferometer on the same IO substrate as the sensing
interferometer, influence quantities (e.g. temperature) will be better correlated in both
interferometers, which may result in improved scale-factor stability.
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In chapter 3 we have presented several individual interferometric interrogation
techniques, subdivided according to function in phase-tracking and fringe-order
determination techniques. In the current chapter we will select both a phase-tracking
and a fringe-order determination technique and combine them to constitute a hybrid
interrogation-system concept. Such a hybrid system, in principle, enables absolute
high-resolution optical-phase measurements over an operational range (greatly)
exceeding 2p1. The intended application of measuring the relative humidity of air
serves as a vehicle for this work.

1

It is risky to draw definite conclusions regarding the feasible resolution and dynamic range. These are
dependent on electrical and optical circuit details which are beyond the scope of this chapter.
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Organisation

For reasons of clarity we have conveniently organised this chapter such that the
discussion of phase-tracker aspects precedes the discussion of fringe-order
determinator aspects. However, as the aim is a synthesis of both functions, this
division will not be maintained too strictly.
The outline of the chapter is as follows. First, in section 4.1 relevant aspects of the
integrated optic technology and the application (see also chapter 1) will be addressed.
This will lead to requirements for the interrogation system. Then in section 4.2 the
basic choices for both phase tracking (phase scanning) and fringe-order determination
techniques (dual wavelength with AC phase modulation diplexing) will be made.
These choices will be worked out in more detail in the subsequent sections.
Operational and theoretical aspects of the phase scanning-based signal processing will
be dealt with in section 4.3, while section 4.4 is devoted to practical implementation
aspects. Implementation aspects of the fringe order determinator will be considered in
section 4.5. Finally, in section 4.6 a summary of the conclusions of this chapter will be
given.
Novel aspects

Novel aspects introduced in this chapter include:
1) the operational compatibility of the tracking (scanning) and the fringe-order
determination technique (dual-wavelength with diplexing based on dual-frequency
phase-modulation) is addressed throughout this chapter,
2) a further development of the phase-scanning principle introduced in the previous
chapter, including a criterium for the choice of the PM amplitude, and a criterium
for the scanning rate in relation to dynamic attributes of the MIOP (section 4.3),
3) a quasi-continuous PM scale-factor tuning mechanism, capable of simultaneous and
independent operation at both optical frequencies (subsection 4.3.1),
4) a lead-lag control rule which forces the sample instants at both optical frequencies
to coincide (subsection 4.5.2) in order to prevent dynamic behaviour of the MIOP
from degrading the accuracy of the synthetic-phase measurement.

4.1 APPLICATION REQUIREMENTS AND TECHNOLOGY CONSTRAINTS
General requirements on interrogation techniques have been given in chapter 3. In this
section we will introduce some additional constraints related to the specific
technology that is being developed in this project and to the application that served as
a vehicle for this work (also see chapter 1). These constraints will have their impact
on the choice of specific interrogation techniques. Distinction is made between
technology constraints and application requirements.
Integrated-optic technology

This subsection gives a brief summary of the relevant characteristics of the IO
technology as developed by the Lightwave Device group at the University of Twente
[176]. As the technology is still being developed, the characteristics will serve as a
rough guide for the remainder of this chapter.
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Phase-modulators based on the electro-optic material zinc-oxide (ZnO) are available
for optical-phase modulation. The frequency characteristic of these devices exhibits a
high-pass behaviour with a corner frequency in the order of 100 Hz [176], while
application of a DC voltage is prohibited. The scale factor (sensitivity) of the phase
modulator, specified by the voltage Vp which induces an optical-phase shift of p
radians, equals Vπ ≈ 15 V for an interaction length of 1 cm1 [176].
The technology provides a flexible framework within which individual functions are
optimised independently. The available waveguide components favour the use of twobeam interferometer configurations, most notably the Mach-Zehnder configuration.
Care is taken to achieve small phase bias by using compensation techniques [176].
Available waveguide branching components include (monomodal and bimodal) Yjunctions and four-port multimode interference couplers (MMI).
Application and optrode

The main foreseen application that served as a vehicle for this interrogation concept is
a sensor system for measuring relative humidity in air. The optrode in this application
exhibits an operational range of 50*2p rad, while the required optical-phase resolution
is in the order of 10-2*2p rad2 [163]. The measurand, the relative humidity, is a
relatively slowly varying quantity; the estimated rate of change of the measurandinduced optical phase (MIOP) is in the order of 10*2p rad/s at most3.
Translation into interrogation system requirements

The foregoing considerations lead to the following requirements and constraints on
the interrogation system.
The interferometer configuration will be a Mach-Zehnder. As the required operational
range is suprawavelength and the resolution subwavelength, the interrogator must be a
hybrid combination of phase tracker and fringe-order determinator. Range and
resolution should be 50*2p rad and 10-2*2p rad respectively.
Because of the frequency response of the ZnO electro-optic phase modulator the phase
tracking technique has to be based on the exclusive use of AC phase-modulation
waveforms (> 100 Hz).
In order to cope with the specified phase-modulator sensitivity, the peak-peak phase
modulation should preferably stay below 3p.
The phase tracker should be able to track dynamic changes of the measurand up to
10*2p rad/s, without cycle slipping.

1

Recently a value of 10V was achieved [164].

2

Range and required resolution values may be the subject of modifications, due to scaling of the
interaction length and/or the layer structure of the optrode. The quoted values are fairly realistic,
although in practice the required phase-resolution will be somewhat higher in order to ensure that the
synthetic-phase error does not exceed the available error budget (see subsection 2.4.5).

3

This estimation is based on observations made during laboratory experiments where the relative
humidity was changed quasi-abruptly by blowing damp air over the optrode. The quoted value for the
maximum rate of change therefore represents the optrode limitation. Under practical circumstances
(measurements in the field) the actual rate of change will be (much) smaller.
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The system should be realisable with presently available functional waveguide
components.

4.2 CHOICE OF PHASE-TRACKER AND FRINGE-ORDER DETERMINATOR
Based on the system requirement of the previous section, the current section presents
motivated choices for both the phase tracking technique and the fringe-order
determination technique.
Fringe-order determination technique

As discussed in subsection 3.6.4, fringe-order determination methods based on laserdiode (LD) frequency modulation allow rather small synthetic frequencies to be
realised and therefore require excessively high synthetic-phase accuracy (in the order
of 10-4 rad). This accuracy greatly exceeds the specified resolution of 2π ⋅ 10 −2 rad for
ordinary phase tracking, a performance overhead that makes these fringe-order
determination techniques less attractive in the envisaged application.
Using dual LDs, it is possible to realise larger synthetic frequencies that correspond
better with the specified operational range (50 optical fringes) of the optrode. A larger
synthetic frequency leads to less severe accuracy requirements for the phase tracker.
The main potential point of concern with dual LDs is the relative stability of the laser
frequencies. However, it has been assessed that reliable fringe order determination
over the required operational range of 50 fringes, using a synthetic frequency which is
2% of the optical frequency, does not necessitate stabilisation of the LD frequencies.
This assessment is based on the estimation that the variation of the mutual
temperature difference of the LDs will stay within a range of a few Kelvin by
mounting the LDs in close thermal contact on the same IO substrate.
According to the outcome of the discussion in subsection 3.6.2 the novel wavelength
diplexing method based on AC phase modulation (figure 3.30) is the most attractive
choice, and this diplexing method is therefore chosen in the interrogation system of
this chapter. The consequences of this choice are that (1) the naturally provided
reference interferometers allow the phase-modulator (PM) scale-factor tuning
mechanism to be shielded from (dynamic variations of) the measurand (2) the
difference of the (wrapped) interferometer-phases of the reference interferometers
must be measured and subsequently subtracted from the differences of the
interferometer-phases associated with the sensing interferometer-output.
Phase-tracking technique

In the initial phase of this work the direct phase-modulation interferometry (DPMI)
phase-scanning principle (see subsection 3.4.2) was devised and it was selected for
development into a phase tracker for a hybrid interrogation system. The main reason
for this choice was that the phase-scanning principle relies exclusively on AC phase
modulation as required by the technology, this in contrast to the phase-locking
technique which is based on quasi-static feedback to the phase modulator. At first,
cancellation of the optical background powers was obtained not by AC phase-bias
modulation and coherent demodulation of the photocurrent signal (see subsection
3.4.1), but by means of an interferometer with differential output ports. This ‘bare’
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phase-scanning principle was seen as a simple alternative to the more complicated
indirect phase-modulation interferometry (IPMI) approach (see subsection 3.4.3) that
does require coherent demodulation. The bare phase-scanning principle was part of a
patent application [165], and is briefly presented in appendix G.
At a later stage, some difficulties with the bare phase-scanning technique (also
addressed in appendix G) led us to investigate the extension with AC phase-bias
modulation and coherent demodulation of the photocurrent signal. As a result the
advantage of simplicity over IPMI techniques was partly lost. Currently the novel IPMI
technique using a four-step fringe-sampling PM waveform (subsection 3.4.6) and the
DPMI phase-scanning technique are both believed to be good candidates under the
given circumstances. In this chapter the phase-scanning principle was chosen for
further development.

4.3 SIGNAL PROCESSING BASED ON PHASE SCANNING
In this section we will discuss some theoretical aspects of the signal processing used
in the chosen phase-tracking technique (phase scanning). A piecewise linear (sawtooth
or triangle) scanning waveform (SW) is used to generate samples of the MIOP.
In subsection 4.3.1 the architecture and basic operational aspects of the phasescanning technique will be presented. Optimal choices for the shape and amplitude of
the SW will be motivated in subsection 4.3.2. Finally, in subsection 4.3.3 criteria for
the slope of the SW in relation to the dynamic behaviour of the MIOP will be
developed.
4.3.1 Architecture and operation
Recalling the discussion of subsection 3.4.1, we repeat that the use of a two-beam
interferometer permits the use of two predetermined interferometer-phase conditions
(PIPCs) per fringe, rather than one. This is advantageous with respect to the required
operational range of the phase modulator. The architecture and operation of a phasescanning technique based on the use of two PIPCs per fringe will be presented in this
subsection.
Architecture

The architecture is a slight modification of that presented in figure 3.18 and is shown
in figure 4.1. In this architecture all zero-crossings of the demodulator output signal
(including their signs) are detected and used to trigger the sampling of the digital SW.
Each sample consists of (1) the latch contents and (2) the sign of the zero-crossing.
Since the sign of the zero-crossing also depends on the sign of the corresponding SW
slope (if both slopes are used as with a triangular SW), it must be multiplied
(equivalent to the logic function of an exclusive-OR: XOR) by the ‘up/down SW slope’
signal from the waveform generator, before being supplied to the wrapped-phase
reconstructor. The reconstruction of the wrapped phase fsens,f is carried out sample by
sample.
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Fig. 4.1 Phase-tracker architecture using two PIPCs per fringe.

Wrapped-phase reconstruction from samples

The reconstruction of the wrapped interferometer phase from a sample is relatively
simple. Dependent on the output signal from the XOR, a phase value of either p or 0
must be added to the fc,PIPC value delivered by the latch. The fractional-fringe part
(range [-p, p]) in the result of this operation represents the wrapped phase (fsens,f or
fref,f, see below).
Combining the results from sensing and reference interferometers prior to
unwrapping

The use of dual-wavelength diplexing by means of AC phase-bias modulation, has a
specific consequence for the measurement of the MIOP. As argued in subsection 3.6.2,
the MIOP is the difference between two separate interferometer phases: one measured
at the output of the sensing interferometer and the other measured at the output of the
reference interferometer (see also figure 3.30). Figure 4.2 clarifies this operation. The
output signals from the two interferometers are processed by separate detection
channels (preamp, demodulator, zero-crossing detector, latch, phase reconstructor) to
yield the wrapped interferometer phases fsens,f and fref,f respectively. These wrapped
phases are supplied to the modulo 2p subtractor to yield the wrapped MIOP fM,f. The
feedback phase unwrapper then determines the unwrapped MIOP fM (see subsection
3.3.3).
Tuning of the PM scale-factor

The availability of a reference interferometer, due to the dual-wavelength diplexing
technique, can be fruitfully exploited for PM scale-factor tuning. Exploitation of the
reference interferometer enables the tuning mechanism being operated quasicontinuously and shields it from the influence of the measurand.
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Fig. 4.2 Determination of the wrapped MIOP, fM,f, from the interferometer phases in the sensing
interferometer, fsens,f, and in the reference interferometer, fref,f. The result is supplied to the
feedback phase-unwrapper.

The PM tuning mechanism was described in section 3.4.2 and relies on the fact that the
difference between two subsequent fc,PIPC’s, generated on the same SW slope, should
equal p. Figure 4.3 shows the corresponding architecture (which has an overlap with
the architecture of figure 4.1). Subsequent fc,PIPC’s associated with positive and
negative zero-crossings are stored in the registers A and B respectively. Their absolute
difference is compared with the desired value p and yields the error signal to
increment or decrement the accumulator (integrator). The accumulator output
determines the analogue-gain setting of the PM driver by means of a digital to
analogue converter (DAC). If fewer than two fc,PIPC’s on a single SW slope are obtained,
the accumulator content is frozen.

Fig. 4.3 Architecture for phase modulator scale factor tuning (lightly shaded background).
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4.3.2 Characteristics of the scanning waveform (SW): static measurand
Originally our development of the phase-scanning technique was based on the use of a
sawtooth-shaped SW with an amplitude of p/2 radians [162]. In a later stage it was
realised that the use of a triangular waveform was fundamentally better and that a
larger SW amplitude was needed to make the phase-scanning-based PM tuning scheme
possible (see subsection 3.4.2). In this section we will discuss both SW characteristics
and motivate the choices made. The MIOP is assumed to be static.
Shape of the SW: triangular

With regard to the SW there is a basic choice between a sawtooth and a triangular
waveform. The SW slope in the case of a sawtooth SW always has the same sign, a
property which avoids the need for sign inversion with the ‘up/down SW slope signal’.
This resulting decrease of complexity (removal of the XOR) is however too marginal to
be of use for a comparison.
Sawtooth and triangular SW can be compared with each other on the grounds of their
bandwidth requirements. In order to obtain the same average sample rate and make the
comparison fair, the two waveforms to be considered should have an equal number of
slopes per unit of time, as shown in figure 4.4.

Fig. 4.4 Sawtooth and triangular SW with an equal number of slopes per unit of time (resulting
in an equal average sample rate). The fundamental frequency of the sawtooth is twice as high.

First note that the fundamental frequency of the sawtooth is twice as high as that of
the triangle. Second we determine the harmonic signal strength by means of Fourier
series expansion [19]. This yields (assuming unit amplitude):
Vsawtooth ( t ) = −

2
1
1
1

 sin(2Ωt ) + sin( 4Ωt ) + sin( 6Ωt ) + sin(8Ωt ) +L

π
2
3
4

8 
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Vtriangle ( t ) = − 2  cos( Ωt ) + 2 cos( 3Ωt ) + 2 cos(5Ωt ) +L

π 
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.

(4.1)
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These expressions show that the envelope of the harmonics spectrum decreases by
only -20dB/dec for the sawtooth waveform, whereas it decreases by -40dB/dec for a
triangular waveform. Also the triangular harmonics are of odd-order only. It appears
that all aspects are in favour of the triangular waveform, which allows a smaller
bandwidth for the PM driving circuitry and also for the detection circuitry, finally
resulting in lower rms noise. Therefore, in the remainder of this chapter we will use a
triangular SW.
Amplitude of the SW

Having decided on the shape of the SW, we still need to determine its optimal
amplitude. The SW amplitude to be chosen is determined by the wish to employ a
phase-modulator (PM) tuning technique which is independent of the MIOP. Using an
amplitude of p/2 it is guaranteed that each SW slope will yield exactly one sample (for
a static measurand). However, as discussed in subsection 3.4.2, the PM tuning
mechanism for phase-scanning requires two samples on the same SW slope, and
therefore this mechanism will only be entirely independent of the MIOP if the SW
amplitude is at least p radians. These SW amplitudes are the two extremes; if the SW
amplitude is in-between them, for instance if it is (1 + α ) ⋅ π 2 , there would be two
samples on the same SW slope with a probability of a (for an unknown measurand,
uniformly distributed over its range).
In practice a reference interferometer will be used to make the PM scale-factor tuning
insusceptible to dynamic MIOP changes. As was discussed in subsection 3.6.2, the
reference interferometer is also required for the dual-wavelength diplexing technique.
The use of a reference interferometer, biased at a properly chosen interferometer
phase, may also have an implication with regard to the minimum required SW
amplitude. In principle a nominal reference interferometer-phase of p/2 enables the
use of the smallest possible SW amplitude (p/2); samples will be obtained both at the
beginning ( φc = − π 2 ) and end ( φc = π 2 ) of each scan. In practice the minimum
required SW amplitude is dependent on the tolerance of the interferometer-phase of the
reference interferometer. If this tolerance exceeds ±p/2, a SW amplitude of p is
required.
It can be concluded that the SW amplitude is required to be in between p/2 and p, its
practical value to be determined by the tolerance of the reference interferometerphase.
4.3.3 Scanning rate in relation to the dynamics of the measurand
In this subsection the implications resulting from the dynamic behaviour of the
measurand, in particular conditions for the scanning rate, will be investigated. We will
distinguish two criteria: the first one relating the scanning rate to the maximum rate of
change of the MIOP in order to guarantee correct phase unwrapping, and the second
one relating the scanning rate to the frequency of a sinusoidally varying measurand in
order to prevent loss of information. The first criterion will lead to an assertion about
the maximum number of samples on a single SW slope. The second criterion may
serve as a practical guideline in choosing the scanning rate, given the spectral
bandwidth of the measurand.
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Note that as a result of the use of a reference interferometer, the dynamics of the
measurand does not affect the PM tuning mechanism.
Criterion for the minimum slope of the SW

In order to guarantee correct phase unwrapping, the MIOP is not allowed to change
more than p between subsequent samples (see subsection 3.3.3). This requirement can
be transformed into a condition for the minimal allowable slope of the SW (or, from a
different viewpoint, for the maximal allowable rate of change of the MIOP). Verifying
whether this condition is obeyed is an essential step in dimensioning a practical
design.
Samples are generated whenever the PIPCs are reached, that is whenever
φc (t ) − φ M ( t ) = ± m ⋅ π with m an integer. The sample instants can therefore be
identified by the crossings of the MIOP fM(t) with φc (t ) m m ⋅ π from a plot that shows
these quantities as a function of time. Such a plot is shown in figure 4.5, and it will be
used to derive the criterion on the maximal allowable rate of change of the MIOP. The
SW amplitudes are chosen at the extreme values mentioned in subsection 4.3.2 in order
to make the issue clear.

Fig. 4.5 Graphical illustration of the slope criterion by means of phase plots. Two diagrams,
differing in the SW amplitude are shown: φ$c

= π 2 (a) and φ$c = π (b). Samples are obtained

at the PIPCs, identified by crossings of the MIOP fM(t) with the SW and its ‘aliases’
( φc ( t ) m m ⋅ π ). In both cases the linearly increasing MIOP just satisfies the slope criterion. In
both plots two situations are shown: in the case of the MIOP s indicated by fM,a(t) the
intersample distance is exactly p (within the shaded ellipses); in the case of fM,b(t) the
intersample distance is smaller.

The slope criterion is somewhat dependent on the SW amplitude used. In the case of
φ$c = π 2 , it can be easily understood from figure 4.5a that the slope with which the
MIOP changes, should be less than half the SW slope. The measurand fM,a(t) in figure
4.5a just satisfies this criterion. It is calculated in appendix H that for φ$c = π , the
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slope with which the MIOP changes, is required to be less than 1 1 + 2 times the SW
slope. The MIOP fM,a(t) in figure 4.5b shows this critical situation.
It will be clear from figure 4.5 that the sample instants are dependent on the
measurand and that they are distributed non-uniformly over the time axis. Provided
that the rate of change of the MIOP satisfies the slope criterion, it is possible to make
some useful observations concerning the number of samples that can be expected on a
single SW slope as well as the minimum time interval between subsequent samples.
The observations are based on figure 4.5 and can be stated as follows:
1) The possible number of samples per SW slope is dependent on the SW amplitude:
for φ$c = π 2 this number is between 0 and 2, whereas for φ$c = π it may range
from 0 to 3.
2) The minimum time interval between subsequent samples on the same SW slope is
reached when the rate of increase of the MIOP is maximal (i.e. when it just satisfies
the slope criterion). It is also somewhat dependent of the SW amplitude. For
φ$c = π 2 this time interval is T/3, with T being the time in which the SW (the sum
of concatenated absolute contributions) varies over 2p, as indicated in figure 4.5.
1+ 2 T
For φ$c = π the minimum inter-sample time interval is
⋅ ≈ 0.35 ⋅ T .
1 + 21 2 4
These observations determine the minimum rate at which the samples must be
acquired and further processed1.
A criterion for sampling of sinusoidal measurands

The slope criterion makes no statement on the required scanning rate in relation to the
spectral bandwidth of the measurand. The scanning rate should be large enough to
enable an exact reconstruction of the time-continuous measurand from its samples. In
the following text we shall establish such a relation.
Since the samples obtained by scanning are distributed non-uniformly over the time
axis, the well-known Shannon-Whittaker sampling theorem is not applicable, and
instead an alternative criterion must be found. The more general dimensionality
theorem states that a signal with an absolute bandwidth B can be exactly reconstructed
over a time interval t if N = 2 Bτ independent samples within that time interval are
available [20]. The distribution of the samples over the time axis therefore does not
need to be uniform, and at first sight this would seem to match our case of samples
obtained by scanning. But in contrast to what was required these samples are not fully
independent, as the sample instants are dependent on the MIOP itself. For instance, if a
sample is obtained just near the end of a certain SW slope, the next sample will very
likely be just near the beginning of the next slope, so that these two samples will be
strongly correlated. The situation is further complicated by the fact that not only the
sample instant distribution but also the number of samples obtained is dependent on
the MIOP.

1

Samples obtained just before and after SW slope alternations can be much closer together.
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Our derivation of a minimum scanning rate is based on a sinusoidally varying
measurand (with frequency f) of which the maximum slope satisfies the slope criterion
formulated previously. In our opinion this scanning rate is also sufficient in the more
general case of a measurand which is band-limited to frequency f, provided that its
maximum slope still satisfies the slope criterion. A proof has not yet been found.
If a sinusoidal signal is sampled uniformly at the Nyquist rate, the time interval
between subsequent samples is half of the signal period. This observation will be used
as a condition for the samples obtained by phase scanning. The problem can be
formulated as follows: find the lowest possible frequency (of the sinusoidal MIOP) for
which the MIOP remains unsampled during a time interval exactly half of its period in
a worst case.
Worst-case situations are illustrated in figure 4.6 for both φ$c = π 2 and φ$c = π . For
φ$ = π 2 figure 4.6a shows the MIOP fM(t) of frequency f = 1 4T during half of its
c

period. It can be clearly seen that if its amplitude approaches zero, the unsampled time
interval really does approach 2T, yielding f = 1 4T as the limiting MIOP signal
frequency. The worst-case situation for φ$ = π is shown in figure 4.6b. The maximum
c

slope of the MIOP is reached at the sample instants and just satisfies the slope criterion
formulated previously. A calculation of the corresponding maximal measurand
frequency is performed in appendix H and yields f = 0.368 T being slightly higher
than what is required for φ$ = π 2 .
c

Fig. 4.6 Sampling of a sinusoidally varying MIOP for φ$c = π 2 (a) and φ$c = π (b) at the
limiting signal frequency in the worst-case situation. The maximum time interval during which
the MIOP remains unsampled is half of its time period.
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Summary of criteria

The criteria developed in the foregoing are summarised in table 4.1. The magnitude of
the SW slope is 2p/T in all cases.

φ$c = π 2
Maximum allowed MIOP slope

0.5 ⋅

2π
T

φ$c = π
0.414 ⋅

2π
T

Nr. of samples per SW slope

0…2

0…3

Minimum time interval between samples on a
single SW slope

0.33 ⋅ T

0.35 ⋅ T

Maximum MIOP absolute spectral bandwidth

B = 0.25 T

B = 0.368 T

Table 4.1 Summary of dynamic criteria.

It can be concluded that the exact amplitude φ$c (within the range [p/2,p]) to be
employed has little consequences for the criteria discussed.

4.4 IMPLEMENTATION ASPECTS OF PHASE-SCANNING
Having discussed theoretical aspects of the phase-scanning technique in the previous
section, the current section will deal with some typical aspects related to
implementation. First, in subsection 4.4.1 we shall present a structure for the
direction-discriminating zero-crossing detector in figure 4.1. Afterwards, in subsection
4.4.2, we will discuss the influences of the finite bandwidths in the PM driving
circuitry and of the demodulator bandwidth. The consequences of these bandwidth
limitations for the amplitude of the SW will be addressed.
4.4.1 Direction-discriminating zero-crossing detector
The functions of the zero-crossing detector are to detect the PIPCs and to trigger the
sampling of the corresponding instantaneous value of the digital SW generator1. In
addition the zero-crossing detector has to determine the sign (direction) of each zerocrossing in order to enable correct phase reconstruction.

1

If feasible, the quantisation time step is preferably chosen smaller than the (sample to sample) jitter in
the decision time of the zero-crossings. Then the influence of the quantisation steps is randomised,
leaving the only remaining effect of the quantisation to be white quantisation-noise, which can be
reduced afterwards by (digital) bandwidth reduction operating on the sample stream. If the feasible
quantisation time step is smaller than the inherent decision-time jitter, an approach worth considering
may consist of adding deterministic pseudonoise (dither) to the signal before quantisation, and
subtracting it after quantisation (see [28] for examples of dither).
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Fig. 4.7 Direction-discriminating zero-crossing detector, based on temporal to spatial
conversion. The clock signal ticks with each increment/decrement of the digital SW.

Both functions can be easily performed with the functional structure shown in figure
4.7, which is quite similar to a transversal tapped-delay line filter as used in matched
filtering of pulses in digital communication systems [20] and radar systems [21]. The
structure essentially converts the temporal signal delivered by the demodulator into a
spatial signal to allow easier ‘analysis’ of both the zero-crossing position and its sign.
The operation is as follows. The demodulator output signal is hard-limited by a
comparator and clocked synchronously into a shift register. A sum comparator detects
the instant at which half of the register positions are filled with ones (and the others
with zeros), a condition being indicative of the occurrence of a zero-crossing (see
figure 4.8 a). As soon as this condition is detected, the latch-trigger signal is activated
and the sign of the zero-crossing is determined by comparison of the bits in the first
and last register positions1.
Because it acts as a lossy integrator for the binary signal supplied by the comparator,
the simple structure of figure 4.7 reduces the susceptibility to false zero-crossings,
which may occur due to (wideband) equivalent noise at the input of the comparator.
Figure 4.8 b) illustrates the operation in the case of a zero-crossing which is
accompanied by false edges. The estimated position of the actual zero-crossing is
actually halfway along the ‘hesitating’ part of the input sequence (indicated by the
dashed vertical line).

1

Since the detection of the zero-crossing is delayed with respect to its actual occurrence (by a number
of clock cycles equal to half the number of register positions), a systematic correction to the latched
value of the SW generator must be made.
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Fig. 4.8 Signals in zero-crossing detection. The pulse edge is detected from the condition that
half of the shift register positions is filled with ones (four in the case of eight stages). Figure a)
shows an ideal low-high transition without false edges. The sum S si increases after each clock
cycle as a ‘one’ is clocked into the shift register and a ‘zero’ is clocked out. Detection of the
zero-crossing is delayed by four clock cycles after its occurrence. Figure b) shows a high-low
transition hampered by false edges. The sum S si decreases monotonously. The estimated zerocrossing position is indicated by the vertical dashed line.

4.4.2 Influence and consequences of finite time constants
So far we have not considered the effects related to the time constants of the PM
driving circuitry and the demodulator. These time constants will give rise to an
additional systematic delay time in the detection of the zero-crossings. We will
analyse these effects in this subsection.
Systematic time delay in the zero-crossing detection

The time constant of the PM driving circuitry causes the actually induced optical-phase
modulation to lag behind the digital SW. Likewise, the time constant of the
demodulator results in a delayed demodulator output signal. The sum of these delays
will result in a delayed detection of the zero-crossings and therefore in a systematic
error in the MIOP samples. The sign of this error is opposite for positive and negative
SW slopes. Hence it will be manifest as a time-periodic error, having the frequency of
the SW. This error may therefore be reduced by filtering (after phase unwrapping), but
as it is predictable a compensation for each individual sample should be applied first.
The required compensation will be determined below.
For simplicity it is assumed that the circuitry exhibits a first-order frequency response
with time constant tf:
H ( jω ) =

1
.
1 + jω ⋅ τ f

(4.2)

The circuit bandwidth is assumed to be much larger than the signal bandwidth, so that
the phase-frequency response is linear in the frequency range of interest:

(

)

arg H ( jω ) ≈ −ω ⋅ τ f .

(4.3)
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Apparently the delay experienced by the signal is simply equal to the time constant tf.
The systematic error in the MIOP sample is equal to the product of delay time and SW
slope (2p/T):

δφ M = 2π ⋅

τf
T

.

(4.4)

Thus the systematic error in the MIOP sample can be compensated to the extent in
which the time constant is accurately known. As a practical example, if the feasible
accuracy of the time constant is 10%, and if the error of an MIOP sample remaining
after compensation is required to be less than 2π ⋅ 10 −3 radians, then the ratio tf/T
should be smaller than 10-2, i.e. the circuit bandwidth should be 16 (=100/2p) times
1/T.
Transient effects associated with alternation of the SW slope direction

Each time when the SW slope direction alternates, the time constants of the circuits
give rise to additional transient behaviour, as is illustrated for a first-order frequency
response in figure 4.9. The peaks are smoothed and samples obtained from zerocrossings in their neighbourhood will be related to the MIOP in a non-linear manner.
In order to enlarge the linear range of the actual SW (to ±p/2 or ±p), the ’digital’
amplitude of the SW must be chosen larger. The required enlargement is determined by
the tolerable influence of the transient behaviour at the boundaries of the linear range
and will be determined in the following text.

Fig. 4.9 Effect of circuit time constant on delay and distortion of the SW.
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Using the Laplace transform, it can be shown that the SW behaviour around the slopealternation instant t1 in figure 4.9 can be written as1:

(

)

 2π t − τ
f

,

T
(
)
φc t = 
− ( t − t1 )
 2πt 1 − 2π t − τ f − t1
2πτ f
τ
− 2⋅
⋅e f ,

T
T


(

0 < t < t1

)

(4.5)
t > t1

The transient behaviour is expressed by the exponential term and its relative influence
compared to the systematic error given by eq. (4.4) is measured from the quantity

(

)

2 exp − (t − t1 ) τ f . For example, if t − t1 = 5τ f , this relative influence will have

decreased to 1.4%. Now, if a relative influence of 1.4% is acceptable, a total time
interval of 10tf around each slope alternation (5tf before and 5tf after t1) must be spent
to enable the transient behaviour to die out before the processing of new samples will
be allowed. This time interval is ‘implemented’ by enlarging the amplitude of the
generated SW (already in the digital domain) by a value2
∆φ$c = 2π ⋅

5τ f
T

.

(4.6)

The required amplitude increase due to the transient behaviour arising from the
demodulator time-constant can be calculated from the same equation.

4.5 IMPLEMENTATION ASPECTS OF THE FRINGE-ORDER DETERMINATOR
In section 4.2 we have chosen for a dual-wavelength fringe-order determinator using
the frequency of the (squarewave) AC phase bias modulation as the ‘label’ for
diplexing. In this section we will consider aspects related to the integration of this
fringe-order determinator together with the phase-scanning technique. In subsection
4.5.1 details of the architecture and the operation will be given. In subsection 4.5.2 we
will present the operation of a technique that serves to prevent degradation of the
synthetic phase accuracy due to dynamic measurands, by forcing the sample instants at
both wavelengths to coincide.
4.5.1 Architecture
The architecture of the dual-wavelength fringe-order determinator is depicted in figure
4.10.

1
2

The small influence of the filter’s amplitude response is neglected.

Since the excess part of the digital amplitude is relatively small, its conversion to the analogue domain
may preferably be implemented using a small-range auxiliary DAC, of which the output signal is added
to that of the main DAC. This is potentially more accurate than using a single DAC with an extra (most
significant) bit.
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Fig. 4.10 Architecture for dual-wavelength diplexing by dual-frequency AC phase-bias
modulation.

The interferometer structure is that shown earlier in figure 3.30 and consists of a
sensing interferometer which is common for both wavelengths, and separate reference
interferometers for labelling the optical wavelengths with AC phase-bias signals at
unique frequencies fb1 and fb2. These bias signals are supplied by the waveform
generators.
In order to achieve a meaningful determination of the synthetic phase, four distinct
interferometer phases (associated with two wavelengths and two optical outputs) must
be measured. This is accomplished by using four separate detection channels
(demodulator, zero-crossing detector, latch, and wrapped phase reconstructor, see
figure 4.1)1.
The subtractions carried out in the ‘subtraction unit’ are the following:

(
)
(ω ) = (φ (ω ) − φ (ω )) mod 2π
= (φ (ω ) − φ (ων )) mod 2π

φ M , f (ω 1 ) = φ sens, f (ω 1 ) − φref , f (ω 1 ) mod 2π
φM,f
φ M ,s

2

sens , f

M,f

1

2

M,f

ref , f

2

(4.7)

2

The wrapped phase fM,f(w1) and the synthetic phase fM,s are further processed to yield
the fringe order, according to the procedure outlined in subsection 3.6.1.

1

The detection channels used for the reference interferometer output also deliver the samples (the
samples being the values in the registers A and B in figure 4.3) for the PM scale-factor tuning unit. Since
the reference interferometer phases are not expected to vary rapidly, it may be attractive to use a single
detection channel for the reference output, and share it between both wavelengths in time division.

4.5 IMPLEMENTATION ASPECTS OF THE FRINGE-ORDER DETERMINATOR

129

The function of the block ‘sample-instants coincidence control’ is to make the
synthetic phase determination insusceptible to dynamic variations of the measurand.
This is accomplished by controlling the relative electrical phase of the 2 SWs to make
the sample instants at both wavelengths coincide (for the sensing interferometer).
Details of its operation are the subject of the following subsection.

Fig. 4.11 Lead and lag of the SW at n2, as required to obtain coincident sample instants on the
positive SW slopes. In the figure all phases, including the SW and its vertical aliases, are
rewrapped onto the range [-p,p].

4.5.2 Sample-instants coincidence control
In the case of a dynamically varying measurand, an accurate determination of the
synthetic phase (as the difference of two optical phase samples) requires minimisation
of the time interval that elapses between the instants at which the two samples are
taken.
Proper control of the ‘electrical’ phase relation between the two SWs will make the
sample instants on one SW slope coincide. In practice the SW generator used for w1
runs independently while that for w2 follows with a controlled lead or lag. The control
mechanism is based on calculation of the required lead or lag from wrapped-phase
samples fsens,f(w1) and fsens,f(w2), obtained during the previous SW cycle.
Figure 4.11 illustrates the required lead or lag for four representative cases.
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The control rule is inferred from figure 4.11 and can be formulated as follows:
 φ sens , f (ω 1 ) − φ sens , f (ω 2 )
,
sgn φ sens, f (ω 1 ) = sgn φ sens , f (ω 2 )
t lag 
2π
=
,
T
 φ sens, f (ω 1 ) − φ sens, f (ω 2 ) − π mod 2π
, sgn φ sens, f (ω 1 ) ≠ sgn φ sens, f (ω 2 )

2π
(4.8)

(

)

(

)

(

)

(

)

(

)

where T, as before, is the time in which the SW sweeps through 2p radians. A negative
tlag represents a lead. A lead turns into a lag and vice versa if the sign of either
fsens,f(w1) or fsens,f(w2) changes.

4.6 SUMMARY AND CONCLUSIONS
In this chapter we have constituted a hybrid interrogation system concept to be applied
in miniature IO interferometric sensor systems for quasi-static measurands. The hybrid
concept allows absolute high-resolution optical-phase measurements by employing a
composition of optical-phase tracking and synthetic-phase measurement techniques. It
is intended to be realised in hybrid technology (IO and integrated electronics) in due
course, aiming at the concrete application in a sensor system for measuring the
relative humidity of air. Phase tracking and fringe-order determination techniques
have been selected from chapter 3. In this chapter these techniques have been worked
out in more detail and issues related to their mutual compatibility have been
addressed. The finally proposed system concept features a quasi-continuous scalefactor tuning scheme for the electro-optical phase modulator.
The dual-wavelength principle with separate laser diodes was chosen for the fringe
order determinator, because it imposes relaxed requirements on the resolution of the
phase tracker. The diplexing technique chosen is the novel dual-frequency AC phase
modulation technique which was introduced, and found to be the superior one, in
chapter 3.
The phase tracker is based on the novel phase-scanning principle, also introduced in
chapter 3. The particular phase-scanning technique is characterised by the use of two
predetermined interferometer-phase conditions per fringe, and a triangular scanning
waveform (SW). Dependent on the expected tolerance of the reference interferometer
phase, the amplitude of the SW is chosen somewhere between p/2 and p. Accounting
also for the squarewave AC phase bias-modulation of amplitude p/2, the total required
operational range of the phase modulator thus amounts to somewhere between 2p and
3p.
The analysis performed in subsection 4.3.3 has yielded requirements for the minimum
slope of the SW in relation to (1) the maximum rate of change of the MIOP, and (2) the
spectral bandwidth of the MIOP. Both requirements are more or less dependent on the
SW amplitude. First, to prevent cycle slipping, the SW slope must be at least roughly
2.4 times the maximum rate of change of the MIOP. Second, to avoid loss of
information, 1/T must be larger than 4 times the spectral bandwidth of the MIOP. (T is
the time duration needed by the SW to sweep over a concatenated range of 2p radians).
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The analysis performed in subsection 4.4.2 shows that the time constants of
demodulator and PM driving circuitry give rise to a systematic lag of the sample
instants. Compensation for this effect is straightforward. In addition these time
constants result in transient behaviour just after each alternation of the SW slope, an
effect which reduces the useful part of each SW slope. This effect can be circumvented
by means of a slight increase of the SW amplitude (proportional to the time constant).
The wavelength diplexing technique by dual-frequency AC phase modulation provides
a reference interferometer output which facilitates the implementation of a robust
phase-modulator scale-factor tuning mechanism. The phase modulators for both
wavelengths can be tuned quasi-continuously and independently of each other. The
operation of the tuning mechanism is independent of the measurand and requires no
interruption of the phase tracker. This results in the requirement of having four
separate detection channels, as is illustrated in figure 4.10.
As discussed in subsection 4.5.2, the use of a separate phase modulator for each of
both wavelengths provides the opportunity to make the sample instants on both
wavelengths coincide. Coincident sample instants serve to retain the accuracy of the
synthetic-phase determination during dynamic variations of the MIOP. By adjusting the
lead/lag of the SW at n1 relative to the SW at n2, it is possible to make the samples
coincide during either the positive or the negative slopes of both SWs. A control rule
has been formulated.
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In this chapter we shall summarise the main results that have been obtained. In section
5.1 a global overview is presented of the hybrid interrogation system, synthesised in
chapter 4. The features of this system will be briefly mentioned. Section 5.2
summarises the original contributions and briefly considers the relevance of this work
for related fields. Finally, section 5.3 presents recommendations for further research.

5.1 RETROSPECT
As the thesis has addressed a variety of different aspects, we believe it to be
convenient that the hybrid interrogation system as finally synthesised in chapter 4 has
been summarised and its main aspects listed. In order to provide easy access,
references are made to various places in the thesis where more details can be found.
5.1.1 Global overview
A global overview of the hybrid interrogator architecture is illustrated in figure 5.1
and its operation will be briefly explained, with references to relevant subjects
elsewhere in this thesis.
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Fig. 5.1 Hybrid interrogation system.

A hybrid interrogator consists of a fringe-order determinator and (a number of) phase
trackers. The fringe-order determinator determines the integer fringe order of the
interferometer phase (subsection 2.3.4) from a measurement of the synthetic
interferometer phase at a relatively low synthetic frequency. The fringe-order
determinator is invoked at least once after power-up of the system for initialisation of
the phase tracker with the fringe order. In addition it may be invoked during operation,
for checking the validity of the actual fringe order.
After having been initialised, the phase tracker (subsection 2.3.3) will track any
subsequent change of the MIOP over the full operational range of the optrode. The
phase tracker uses an optical-phase modulator to modulate the interferometer phase.
The operating principle of the phase tracker is based on applying an optical phase
modulation fc(t) to scan the interferometer phase over a range as large as p to 2p
radians. The wrapped measurand-induced optical phase (MIOP) is in principle obtained
from that instantaneous value of the scanning signal fc(t) which compensates the
wrapped MIOP. This value results in a predetermined interferometer phase condition
(PIPC) being reached (subsection 3.4.2). The scanning signal fc(t) is superimposed on a
squarewave AC bias signal fb(t) to enable coherent demodulation of the photocurrent
signals (subsection 3.4.1). Finally, phase unwrapping is applied in order to extend the
tracking range beyond one interference fringe (subsection 3.3.3).
A quasi-continuously operating tuning mechanism ensures that the scale factor of the
cascaded analogue actuation back-end and the optical-phase modulator is kept at its
desired value (subsection 3.4.2). The tuning mechanism uses the photocurrent signal
of the interferometer output that is indicated by ‘Ref’ in figure 5.1, in order to allow
accurate tuning, irrespective of the MIOP.
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The fringe-order determinator employs two laser-diode sources which emit light at
two optical frequencies n1 and n2. These dual optical frequencies allow (synthetic)
phase measurements to be made at the synthetic frequency ν s = ν1 − ν 2 , by taking the
difference of the optical interferometer phases, as measured simultaneously at the dual
optical frequencies n1 and n2. To distinguish between the photocurrent signal
components corresponding to optical frequencies n1 and n2, the optical signals are
labelled with different phase bias frequencies fb1 and fb2 (subsection 3.6.2).
Four different phase values (associated with two optical frequencies and two
interferometer outputs) must be measured to determine the fringe order of the MIOP.
The procedure for determining the integer fringe order is described in subsection
3.6.1. In order to perform the fringe order determination correctly, the calibrated
values of the ambiguity-length extension factor (ALEF, subsection 2.3.5) and the
optical phase bias (subsection 2.4.3) are required. The optical phase bias is also added
to the phase unwrapper output, to yield the unwrapped MIOP. The measurand M is
finally calculated from the unwrapped MIOP by multiplication with the inverse of the
calibrated scale factor KM.
The block ‘Sample instants coincidence control’ avoids the degradation of the
synthetic phase accuracy by dynamic variations of the measurand (subsection 4.5.2).
5.1.2 Discussion
The interrogation concept we developed provides the following features
· Dynamic (AC) phase biasing, combined with coherent demodulation of the
photocurrent signal(s) eliminates the influence of an uncertain background power.
Immunity is obtained from any (quasi-) static error source that effectively adds to
the photocurrent signal (subsection 3.3.2).
· By relying exclusively on the zero-crossings of the demodulator output signal
(subsection 3.4.1), the determination of the wrapped MIOP is not directly dependent
on an uncertain photocurrrent proportionality constant (involving fringe visibility,
photodetection efficiency, etc.).
· The use of a squarewave AC phase bias with an amplitude of p/2 radians yields a
reduction (ideally cancellation) of the influence of excess laser intensity noise in
the PIPCs of an interferometer with differential output ports (subsections 2.4.4 and
3.4.1).
· The use of a squarewave AC phase bias relaxes the requirements on the dynamic
range of the circuitry which processes the photocurrent signal. Because the
photocurrent signal is a squarewave too, it consists of a DC component (which is
blocked by the AC preamp) and odd harmonics only. In the PIPCs all odd harmonics
simultaneously fade, leaving no AC signal power at all that could excite the
processing circuitry.
· The DPMI phase scanning principle enables a PM scale-factor tuning mechanism
which operates quasi-continuously and which does not interrupt the phase tracker
(subsections 3.4.2 and 4.3.1).
· The reference interferometer output prevents the measurand from affecting the
accuracy of the PM scale-factor tuning (subsection 3.3.4).
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· The dual-frequency AC phase-modulation diplexing technique employs separate
phase modulators for either wavelength and, because of that, the otherwise
significant error due to a mis-tuned PM scale factor at one of either wavelengths is
avoided (subsection 3.6.2).
· The degradation of the synthetic phase accuracy due to dynamic variations of the
MIOP is reduced by controlling the lead/lag of the scanning waveform (SW) at n2.
The lead or lag is adjusted in such a way that the sample instants associated with n1
and n2 will coincide (subsection 4.5.2).

5.2 ORIGINAL CONTRIBUTIONS AND RELEVANCE FOR RELATED FIELDS
5.2.1 Original contributions to this thesis
The most important original contributions are the following:
· An introduction to the subject of IO sensor interrogation by means of coherent
guided-wave interferometry, paying attention to the consequences of first-order
chromatic dispersion and phase bias, as well as to calibration procedures (chapter
2),
· A systematic overview of several phase-modulation interferometry (PMI) phasetracking techniques, including PM scale factor tuning, as well as a comparison of
their suitability for use with IO interferometers (chapter 3),
· Introduction of the direct PMI (DPMI) phase scanning principle (figure 3.18),
· Proposal for the use of a four-step fringe-sampling PM waveform in the open-loop
demodulation indirect PMI (IPMI) architecture (subsection 3.4.6),
· An overview of synthetic-phase measurement techniques suitable for IO and relying
on optical phase measurements by phase-trackers (chapter 3),
· A novel technique for diplexing dual wavelengths on a single interferometer, based
on dual-frequency AC phase modulation (figure 3.30),
· A synthesis of phase-tracking and fringe-order determination techniques into a
hybrid interrogation concept (chapter 4).
5.2.2 Relevance of this work for related fields
We have focused on hybrid interrogation systems for IO two-beam interferometers
(illustrated by Mach-Zehnder configurations). Here we will present a brief
consideration on the applicability of these techniques in related fields.
Stripped interrogation systems

It was mentiond in subsection 2.1.2 that, for specific applications, interrogation
systems of reduced complexity and possibly superior performance can be obtained by
stripping a hybrid (phase tracker and initialiser) system. In subsection 2.3.6 we have
given examples of sensing situations that may lead to a reduction of complexity.

5.3 RECOMMENDATIONS FOR FURTHER RESEARCH
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A phase tracker alone suffices when (1) the operational range of the optrode is smaller
than one fringe, or (2) when only incremental or AC measurements are required. In
principle the phase-tracking techniques discussed in section 3.4 are all applicable to
these situations. Apart from the rather obvious reduction of complexity due to the use
of only a single wavelength, other simplifications are not envisaged beforehand.
Specific properties of the measurand may lead to further simplifications.
Fringe-sampling PM waveform in the fibre-optic gyroscope

Interrogation techniques based on the IPMI approach have also been used with the
fibre-optic gyroscope (the FOG is a rotation-rate sensor based on the Sagnac
interferometer, see appendix A). One of the usual approaches to FOG interrogation is
IPMI with AM or PM modulated photocurrent signal formats, as described in subsection
3.4.4. Although wideband IO-phase modulators have been applied to the FOG (see for
example [57,62,63,71,72,74,85,90,91,95]), to the authors knowledge there are no
reports as yet on the use of fringe-sampling PM waveforms for the FOG. In our opinion,
however, the four-step fringe-sampling PM waveform could be used succesfully in a
FOG, offering the accuracy advantages related to a single analogue photocurrent signal
processing channel and digital demodulation.
Resonant interferometers

In contrast to two-beam interferometers, multiple-beam interferometers or resonators
are typified by the fact that multiple optical waves contribute to the interference result.
Multiple-beam interferometers consist of a resonance cavity in which an optical wave
recirculates [7]. The source light enters the cavity via a coupler and interference with
the cavity wave results in a power distribution over the output and the cavity. The
output power can be detected, and the associated fringe pattern consists of (sharp)
periodic resonance peaks.
The steep slopes of these resonance fringes allow resonators to provide higher phase
sensitivities than two-beam interferometers. The peaks are points of even symmetry,
which makes resonators suitable for the DPMI interrogation approach, as described in
subsection 3.4.1. In order to exploit the sensitivity of a resonator optimally, the
amplitude of the (squarewave) phase-bias modulation must be chosen such that the
steep slopes in the fringe pattern are used effectively when a PIPC is reached. This
optimum PM amplitude is (much) smaller than p/2.
Resonators allow synthetic-phase measurements to be performed, both dualwavelength and FMCW. Since all possible paths in a resonant structure are accessible
for lightwaves of both frequencies, it is impossible to label the individual optical
frequencies by means of phase modulation; our novel diplexing technique therefore
cannot be used. In principle the other diplexing techniques, as described in section 3.6,
can be used.

5.3 RECOMMENDATIONS FOR FURTHER RESEARCH
It is obvious that the interrogation concept established in chapter 4 cannot be the final
result of this project. In this section we give recommendations for further research.
Subsection 5.3.1 addresses the work that remains to be performed in order to realise a
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working prototype, while 5.3.2 deals with the investigation of alternative interrogation
concepts.
5.3.1 Work that remains to be performed
Despite the achievements presented, a considerable amount of work still remains to be
carried out. We will now address some issues which are believed to be of particular
interest.
· Dimensioning of the system and subsystems, design of electronic circuitry and
implementation on an application-specific integrated circuit, ASIC).
· An elegant principle to implement the conversion of the digital SW into an analogue
signal, is by analogue integration of a squarewave signal. The beginning and end of
each SW slope are defined by the edges of the squarewave, while the PM scale factor
is set by the amplitude of the squarewave. The strong point of this approach is that
a high-resolution DAC is not required, while the squarewave is easily generated by
digital electronics. A control circuit must be employed to nullify the DC level in the
SW.
· Experimental investigation of the relative frequency stability of
common substrate.

LDs

mounted on a

· Further investigation into the effects of higher-order chromatic dispersion on the
accuracy of synthetic-phase measurements. The relevance of higher-order
dispersion will increase with increasing synthetic frequency.
· Further improvement of the phase-modulator sensitivity. At present the required
total phase-modulation range for the phase modulators in each interferometer is
between 2p and 3p, while the phase modulator sensitivity is expressed by
Vπ ≈ 15 V for an interaction length of 1 cm [176]. Thus, using a supply voltage of
10V (single-sided) a rather large interaction length of at least 3 to 4.5 cm is
required.
· In the present phase-scanning technique the MIOP samples are distributed in time
non-uniformly. An operation that facilitates further post-processing is the
reconstruction of samples at a uniform time grid by means of interpolation.
· Development of operating protocol (for calibration, initialisation, etc.)
5.3.2 Alternative phase-tracking method
Recalling the discussion in subsection 3.4.7, the DPMI phase scanning technique is not
the only attractive candidate for phase tracking. A suitable alternative could be the 4step fringe-sampling PM waveform (subsection 3.4.6) in the open-loop demodulation
IPMI architecture (subsection 3.4.4).
In comparison with the DPMI phase-scanning principle, the IPMI fringe-sampling
principle allows a higher sampling rate for a given spectral bandwidth of the total PM
signal. In the DPMI phase-scanning principle a superposition of a rapid bias
modulation and a slow scanning waveform is used. This results in less efficient use of
the available bandwidth than that which is possible with a fringe sampling waveform.

5.3 RECOMMENDATIONS FOR FURTHER RESEARCH
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No serious compatibility problems are expected with the dual-frequency AC PM
diplexing technique; the time period of the 4-step fringe-sampling waveform at optical
frequency n2 should be four times as large as that at frequency n1.
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A
TWO-BEAM INTERFEROMETRY
In section 2.3 a discussion of two-beam interferometry based on an idealised
interferometer model was given. In this appendix we present a similar discussion, but
based on a more realistic model. The assumptions for the present discussion differ
from those in subsection 2.3.1 in that the symmetry of the interferometer structure is
abandoned, which is more realistic, and in that the possibility of a deliberate
frequency shift to the lightwaves in either one of the interferometer arms is accounted
for. In comparison with the situation described in subsection 2.3.1, this leads, amongst
other things, to the following two major differences: (1) different background powers
for the two output ports of the interference coupler and the introduction of the fringe
visibility, (2) the introduction of heterodyne interference.
Optical fields in a general lossless heterodyne two-beam interferometer1

A schematic diagram of a general heterodyne two-beam interferometer is depicted in
figure A.1. The lightwave of a light source with an optical field given by
E O (t ) = e jωOt +φO ⋅ E$ O (average power Pin = E$ O2 ) is guided into the conditioning circuit.
Besides dividing the source power over its output ports at points A and B, the
conditioning circuit now also performs frequency shifts Dw1 and -Dw2 to the waves,
which will result in heterodyne interference. It will be assumed that the power is
divided into fractions g and 1-g. The conditioning circuit can be described by the timedependent matrix equation:
 1 − γ ⋅ e j ( ω A t +θ AO + φO ) 
 E A (t )  1 − γ ⋅ e j (θ AO + ∆ω 1 ⋅t ) 
⋅ EO (t ) = 
⋅ E$ O .

=
j ( θ BO − ∆ω 2 ⋅t ) 
j ( ω B t + θ BO + φ O ) 
E
t
(
)
γ
⋅
γ
⋅
e
e



 B  

(A.1)

where qAO and qBO are bias-phase shifts, while wA and wB are defined as:

ω A = ωO + ∆ω1
.
ωB = ωO − ∆ω2
1

Losses will be discussed separately.

(A.2)
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Fig. A.1 Functional diagram of a general lossless heterodyne two-beam interferometer.

The waves E A (t ) and E B ( t ) , coming from the conditioning circuit, are guided into
the sensing and reference waveguide sections AC and BD respectively. Similarly to
eqs. (2.17) and (2.18), given in subsection 2.3.1, we can write for the optical fields at
points C and D:
EC (t ) = e − jφ AC (ω A ) ⋅ E A (t )
E D (t ) = e − jφ BD (ω B ) ⋅ E B (t )

.

(A.3)

with the phase differences fAC(wA) and fBD(wB) given by:

φAC (ω A ) =

ωA
c

ω
φBD (ω B ) = B
c

∫ N (ω , z)dz
eff , s

A

AC

∫ N (ω , z)dz
eff , r

.

(A.4)

B

BD

The quantities Neff,s(wA,z) and Neff,r(wB,z) are the effective indices along the sensingand reference-waveguide sections respectively. The MIOP is included in the phase
difference fAC(wA).
Symmetry is also abandoned for the interference coupler. Being the equivalent of eq.
(2.19), the transmission-matrix description of the lossless interference coupler reads as
follows [2]:
 E E ( t )
 ( ) =
E F t 

 m11 (ω A )

 m21 (ω A )

m12 (ω B )  E C (ω A , t )
⋅
,
m22 (ω B )  E D (ω B , t )

(A.5)

where the quantities mij (ω ) are the frequency-dependent complex coupling
coefficients. Because of power conservation they obey1:

1

These equations are valid only if the input and output optical fields in eq. (A.5) are normalised
according to eq. (2.2). Since the output fields of eq. (A.5) contain components of (slightly) different
frequencies, the coupling coefficients include renormalisation factors.
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m11 (ω ) + m21 (ω ) = 1
2

2

m22 (ω ) + m12 (ω ) = 1
2

2

,

(A.6)

and:
m11 (ω A ) ⋅ m12∗ (ω B ) = − m22∗ (ω B ) ⋅ m21 (ω A ) .

(A.7)

The latter relation can be rewritten as:
 m11 (ω A ) ⋅ m12 (ω B ) = m22 (ω B ) ⋅ m21 (ω A )
,

θ11 (ω A ) − θ12 (ω B ) = π + θ21 (ω A ) − θ22 (ω B )

(

(A.8)

)

where θij (ω ) = arg mij (ω ) , i , j ∈ {1,2} .
By equating the two frequencies ( ω A = ω B = ω ) and combining eqs. (A.6) and (A.8),
we obtain the relations:
m12 (ω ) = m21 (ω ) = κ (ω )
2

2

m11 (ω ) = m22 (ω ) = 1 − κ (ω )
2

2

,

(A.9)

where k(w) is the power-coupling constant of the interference coupler.
Fringe pattern and fringe visibility

The fields resulting in the output ports of the interference coupler are:
E E (t ) =

E F (t ) =

( 1 − κ (ω ) ⋅
A

(

j φ ( t ) +θ ( ω )
1 − γ ⋅ e ( C 11 A )

)

j φ ( t ) +θ (ω )
+ κ (ω B ) ⋅ γ ⋅ e ( D 12 B ) ⋅ E$ O

κ (ω A ) ⋅ 1 − γ ⋅ e (

j φC ( t ) +θ21 (ω A )

)

.

(A.10)

)

j φ ( t ) +θ (ω )
+ 1 − κ (ω B ) ⋅ γ ⋅ e ( D 22 B ) ⋅ E$ O

with the instantaneous phases fC(t) and fD(t) at the input ports of the coupler given by:

φC ( t ) = −φAC (ω A ) + θAO + φO + ω At

φD (t ) = −φBD (ωB ) + θBO + φO + ω B t

.

(A.11)

After defining the interferometer phases fIP1 and fIP2 as:

φIP1 = −φ AC (ω A ) + φBD (ω B ) + θ AO − θBO + θ11 (ω A ) − θ12 (ω B )

φIP 2 = −φ AC (ω A ) + φBD (ω B ) + θ AO − θBO + θ21 (ω A ) − θ22 (ω B )

,

(A.12)
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and taking the squared magnitude of eq. (A.10), we obtain the heterodyne fringe
patterns:1

(
⋅ cos((ω

Pout 1 (t ) = E E (t ) = Pb1 + Pf 1 ⋅ cos (ω A − ω B ) ⋅ t + φIP1
2

Pout 2 (t ) = E F (t ) = Pb 2 + Pf 2
2

A

)

− ω B ) ⋅ t + φIP 2

)

,

(A.13)

which both oscillate at the beat frequency ω A − ω B = ∆ω1 + ∆ω 2 .
In eq. (A.13) we have defined:

((
= (κ (ω

)

)
)) ⋅ γ ) ⋅ E$

Pb1 = 1 − κ (ω A ) ⋅ (1 − γ ) + κ (ω B ) ⋅ γ ⋅ E$ O2
Pb 2

Pf 1 =
Pf 2 =

) ⋅ (1 − γ ) + (1 − κ (ω
(1 − κ (ω )) ⋅κ (ω ) ⋅ γ ⋅ (1 − γ ) ⋅ E$
κ (ω ) ⋅ (1 − κ (ω )) ⋅ γ ⋅ (1 − γ ) ⋅ E$
A

B

A

2
O

B

A

2
O

B

.
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2
O

Note that the output powers now have unequal background powers Pb1, Pb2, as well as
different fringe powers Pf1 and Pf2. From the magnitude relation in eq. (A.8) it can be
seen that the fringe powers in both output ports are equal:
Pf 1 = Pf 2 = Pf ,

(A.15)

as was also the case with the idealised interferometer of subsection 2.3.1. In addition
we note from the phase relation in eq. (A.8) that φIP 2 = φIP1 − π , yielding that both
fringe terms in eq. (A.13) are exactly each other’s opposite. Although the individual
background powers Pb1 and Pb2 are different, their sum still equals the total input
power Pin:
Pb1 + Pb 2 = E$ O2 = Pin .

(A.16)

Thus, as expected, the optical power remains conserved. The background powers are
equal ( Pb1 = Pb2 ) if either κ = 0.5 or γ = 0.5 . The fringe term Pf is maximal (i.e.
equal to the background power) if both κ = 0.5 and γ = 0.5 , which is the optimal
situation.
The ratio of fringe power Pf to the background power Pb,i of port i, is expressed by the
fringe visibility or fringe contrast Vi, defined as:
def

Vi =

1

Pout ,i
Pout ,i

max

− Pout ,i

max

+ Pout ,i

min
min

=

Pf ,i
Pb ,i

,

i ∈ {1,2} .

(A.17)

The terms fringe order, fringe centre, and quadrature points, as defined for a homodyne interferometer
(subsection 2.3.1), can be useful for the heterodyne interferometer too, provided that they relate to the
interferometer phases fIP1 and fIP2.
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Fig. A.2 Fringe patterns of a non-ideal, but lossless, two-beam interferometer. For convenience
the heterodyne beat-frequency term is ignored.

Substituting the fringe visibility, the fringe pattern of eq. (A.13) can be expressed as:

(
⋅ (1 + V

(
⋅ cos((ω

Pout 1 (t ) = Pb1 ⋅ 1 + V1 ⋅ cos (ω A − ω B ) ⋅ t + φIP1
Pout 2 (t ) = Pb 2

2

A

))
.
))

− ω B ) ⋅ t + φIP 2

(A.18)

The fringe patterns given by eq. (A.13) are illustrated in figure A.2.
Optical losses

The expressions for background power and fringe power, given in eq. (A.14), are
valid for a lossless optical structure. In practice, optical power losses may occur at
various places in the interferometer, and will result in a decrease of the background
powers and/or the fringe powers, depending on the position where the losses occur1.
Therefore, in a practical interferometer, not only the background powers but also the
fringe powers may be different for both output ports.

1

Any losses associated with the photodetection are included if we consider the detected optical output
powers.
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B
INTERFEROMETER CONFIGURATIONS
In this appendix we shall describe commonly used guided-wave two-beam
interferometer configurations and discuss some implications for interrogation
strategies. Unless stated otherwise, all guided paths are assumed to be monomode.
Two-beam interferometers consist of two spatially separated paths along which the
waves propagate prior to interference. Three basic configurations are well-known: the
Michelson, the Mach-Zehnder and the Sagnac interferometers. They are shown in
figure B.1 and will be briefly discussed in the following text.
Michelson

The Michelson interferometer (MI) is shown in figure B.1a. The source light is divided
over two arms by the interference coupler, which therefore also serves as the
lightwave conditioning circuit. The upper path contains the optrode, the lower path is
the reference. At the ends of both arms the lightwaves are reflected and traverse the
same paths in opposite directions. Interference of the returning lightwaves takes place
in the coupler. In the elementary form of figure B.1a, the power in only one the output
ports is available for photodetection. The power in the upper output port is fed back
into the laser cavity1. The optical length of the paths is twice the one-way optical
length. The MI can be adapted for measuring the physical distance of an reflecting
object.
Mach-Zehnder

The Mach-Zehnder interferometer (MZI) is shown in figure B.1b. The MZI differs
essentially from the MI by the fact that the guided paths are traversed in only one
direction. Due to its symmetry the MZI can be easily configured (as is actually shown

1

The feedback to the LD is an undesired effect since it affects the operation of the LD. The LD can be
viewed as an unbuffered oscillator for which a reflection originating in the optical circuit represents a
change in the load. The phenomenon of optical feedback can be used in a beneficial way (for linewidth
narrowing) when applied carefully, but in the interferometer this condition is not satisfied and the
optical feedback must be avoided, e.g. by inserting an optical isolator between the coupler and the LD.
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in figure B.1b) with differential outputs to measure the full output-power distribution.
This is one of the reasons why the MZI is the preferred configuration for most practical
IO sensor applications where the optrode is located on the chip.

Fig. B.1 Two-beam interferometer configurations.

Sagnac

The Sagnac interferometer (SI), shown in figure B.1c, is fundamentally different from
the MZI and the MI by the fact that there is no reference path. The waves propagate
along the same path in opposite directions before interfering in the rightmost
interference coupler. A part of the output power that appears in the upper left port of
this coupler as a result of interference is tapped off for photodetection by the left
coupler. Because the waves travel along the same path in opposite directions the SI is
called a reciprocal interferometer. A reciprocal interferometer is inherently balanced
and as a consequence the majority of non-idealities affect both counterpropagating
waves identically. This results in an extremely high stability [6].
Because of the reciprocity the SI can only be used for the limited variety of
measurands which affect clockwise (CW) propagating waves differently from counterclockwise (CCW) propagating waves. The most well-known are the non-reciprocal
effects of rotation around the axis of the Sagnac ring (Sagnac effect), of longitudinal
magnetic fields (magneto-optic Faraday effect), and the introduction of a frequency
shifter in the loop (if the CW wave is upshifted in frequency, the CCW wave is
downshifted by an equal amount) [7].
The usual effects applied for optical-phase modulation are reciprocal. Hence PMI
phase-tracking techniques can only be applied for the SI if the frequency of the applied
phase modulation is sufficiently high and if the phase modulator is placed at an
asymmetric position in the Sagnac loop. Then the CW and CCW wavefronts of equal
phase will reach the phase modulator at sufficiently spaced times to experience a
different phase modulation. This will yield a net effect on the phase difference of the
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waves in the interference coupler. This dynamic phase-modulation principle is
commonly used in fibre-optic Sagnac interferometers where the length of the loop
may amount to several hundred meters, providing sufficient delay time for a
modulation frequency in the order of 100 kHz [61,75]. However such large loop
lengths are not feasible in IO, implying that much higher modulation frequencies
would be required. For instance, with a loop length of 60 cm a modulation frequency
in the order of 250 MHz would be required.
The relevance of the SI within the context of this thesis is associated with the fact that
it is the only fibre-optic interferometer which is stable enough for accurate sensing of
quasi-static measurands. Hence the many sophisticated interrogation techniques
developed for the fibre-optic SI (especially as a rotation-rate sensor: the fibre-optic
gyroscope, FOG) are potentially of use for developing interrogation techniques for IO
interferometers where the phase stability is the result of the rugged planar technology.
As a matter of fact, the subject of many literature references in this thesis concerns the
FOG.
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C
MEASUREMENT TERMINOLOGY
Measurement science is used in many different technical disciplines and as a result
there is widespread confusion about the meaning of several terms. To avoid confusion
in this thesis some important terms will be defined in this appendix. The definitions
are in concordance with common measurement science [21,22].
Instrument-performance terminology

The following performance terminology is of importance:
1) Resolution (discrimination) refers to the smallest possible change of the
measurand that produces a discernible change in the reading. The optimal
resolution is so high (good) that the measurement result fluctuates a little for a
steady-state measurement (the resolution must be better than the potentially
available accuracy).
2) Repeatability (precision) is the extent to which a repeated measurement of the
same measurand under identical conditions within a small time interval will yield
the same result. (Repeatability is associated with the random error sources and
can be expressed in terms of the standard deviation of the readings.)
3) Reproducibility (reliability) is the extent to which the instrument gives a
consistent reading for an identical measurand when executed a considerable time
later or when carried out with a different instrument of the same type.
4) Accuracy of an instrument reflects the extent to which the reading is a good
representation of the actual measurand. Accuracy implies repeatability and
resolution and is harder to achieve than either of these.
5) Calibration is the act of comparing the scale of the instrument against a welldefined reference scale.
6) Sensitivity is the scale factor that relates the reading to the measurand.
7) Threshold sensitivity is the smallest measurand which can be detected.
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Error terminology

It is common usage to make a basic distinction between the following types of error:
1) Systematic errors are consistent for repeated measurements and can be caused by
such effects as the (invariant) environmental conditions being different from those
in the calibration, and imperfect calibration.
2) Random errors vary for repeated measurements and must be treated by the
probability theory. Random errors include the effects of varying environment
conditions and noise. Sometimes systematic and random errors are associated with
the same physical phenomenon.
3) Gross errors are caused by measurement mistakes.
Other important commonplace error qualifications are listed below.:
1) Uncertainty is the range within which the true value of the measurand lies.
2) Additive errors (zero point errors) are independent of the measurand.
3) Multiplicative errors (sensitivity errors) are dependent on the value of the
measurand.
4) Quantisation errors are the result of rounding off analogue values to discrete
(quantised) values. Quantisation errors occur in instruments which give a digital
representation or in writing down the reading of an analogue instrument with a
finite number of decimals.

D
COHERENCE, SPECTRAL LINEWIDTH
AND PHASE NOISE
This appendix gives a very brief account of some issues related to the (laser diode)
phase noise. First we will treat the topic coherence and spectral linewidth of the
source and its effect on the fringe visibility in an interferometer. Thereafter the
interferometer phase error induced by the laser phase noise will be considered.
Interference using a source of finite spectral linewidth

Consider the time-averaged power due to interference of an optical wave with its
time-delayed replica:
Pout =

1
4

E in (t ) + E in (t − τ )

=

1
4

=

1
2

E in (t )

(P

in

2

+

1
4

2

E in (t − τ )

+ Re{Γin (τ )}

2

{

}

+ 21 ⋅ Re E in (t ) ⋅ E in∗ (t − τ ) .

)

(D.1)

The angled brackets denote time averaging over many optical periods. The fringe term
can be interpreted as the autocorrelation function of the complex wavefield,
Γin (τ ) = E in ( t ) ⋅ E in∗ ( t − τ ) , and is usually termed the coherence function. The fact
that the coherence function is dependent on the relative delay t only expresses our
assumption of a stationary wavefield. The normalised form of the coherence function
is more commonly used and is called the complex degree of coherence gin(t):

γ in (τ ) =

Γin (τ ) Γin (τ )
=
.
Γin (0)
Pin

(D.2)

The magnitude of the complex degree of coherence is also known as the degree of
coherence. The spectral density WEin (ω ) of the complex wavefield can be defined as
the Fourier transform of the coherence function:
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WEin (ω ) =

+∞

+∞

∫ Γ (τ ) exp(− jωτ )dτ = P ⋅ ∫ γ (τ ) exp(− jωτ )dτ .
in

in

-∞

in

(D.3)

-∞

Next we consider the results for the important practical case of a single-mode laser
diode exhibiting phase noise. The complex wavefield of a constant-amplitude singlemode LD emission at centre frequency n0 can be written as:

(

)

Ein (t ) = E$in ⋅ exp j (2πν0t + φn (t ) + φ0 ) ,

(D.4)

where the term fn(t) represents the phase-noise process. In general fn(t) is a nonstationary process, but its time increment ∆φn (τ ) = φn ( t ) − φn ( t − τ ) is a stationary
zero-mean process and may be approximated by a Gaussian probability density
function rt(Dfn) on physical grounds [8]:

ρτ (∆φn ) =

 − ∆φn2
⋅ exp
2
 2 ∆φn (τ )

1
2π ∆φn2 (τ )


 .


(D.5)

The variance of the phase-increment process is known as the phase structure function
L(t):
Λ(τ ) = ∆φn2 (τ ) ,

(D.6)

and can be related to the power spectral density Wφn (ω ) of the alternative frequency&

∂φ ( t )
noise process φ&n ( t ) = n
according to [167,168]:
∂t

( )
( )

+∞
sin 2 ωτ 2
τ2
Λ(τ ) =
⋅ W (ω ) ⋅
dω .
2
2π -∫∞ φn
ωτ
2
&

(D.7)

The attractiveness of the frequency-noise process lies in the fact that its spectral
density is almost white for most LDs [8].
It is easily verified that the complex degree of coherence can be expressed in terms of
the phase-structure function as follows:

γ in (τ ) = exp( j 2πν0τ ) ⋅ exp( j∆φn (τ ))
∞

= exp( j 2πν0τ ) ⋅ ∫ ρτ (∆φn ) ⋅ exp( j∆φn )d∆φn .

(D.8)

−∞

= exp( j 2πν0τ ) ⋅ exp(− 21 Λ(τ ))
For the important white frequency-noise process the phase-structure function
becomes:
Λ(τ ) = Wφn ⋅ τ = 2
&

τ
,
tc

(D.9)
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where the quantity tc is called the coherence time. By substituting eq. (D.9) in eq.
(D.1) we can express the fringe visibility in terms of the coherence time:


− τ 
Pout = 21 Pin 1 + Re{γ in (τ )} = 21 Pin  1 + exp
tc  ⋅ cos(2πν0τ ) ,



(

)

(D.10)

showing that a finite coherence time gives rise to an exponentially decaying fringe
visibility for increasing relative delay. The fringe visibility is maximal for zero
relative delay and reaches a fraction e-1 of this maximum for τ = t c The coherence
time can be expressed in terms of the spectral linewidth. Calculation of the spectral
density of the complex wavefield, eq. (D.3), yields a Lorentzian lineshape:
WE in (ω ) = Pin ⋅

2t c

1 + (ω − 2πν0 ) ⋅ tc 2
2

.

(D.11)

The spectral linewidth, defined as the full width at half of the maximum (FWHM) is:
∆ν FWHM =

1
.
πt c

(D.12)

Typical values of the spectral linewidth for LDs are in the order of 100 MHz,
corresponding to a coherence time in the order of nanoseconds or a coherence length
(the coherence time multiplied by the light velocity) in the order of 1 meter. For IO
interferometers the delay differences are usually considerably less, so that the decrease
of the fringe visibility is small.
Equivalent phase error in an interferometer

Next we shall consider the influence of laser phase noise on the rms phase error in a
two-beam interferometer. First we shall calculate the manifestation of laser phasenoise as intensity noise in the detected optical power. Then, assuming a finite
detection bandwidth, the equivalent rms interferometer-phase error will be calculated.
The quantity of direct interest in our noise considerations is the (double-sided) power
spectral density of the detected optical power. It was calculated by Moslehi [177]:
WPout ( f ) =


τ
Pin2
tc
⋅ exp − 2  ⋅
4
tc  1 + (πftc )2




 τ
⋅ sin 2 (φIP (τ )) ⋅ cosh 2  − cos(2πf τ )
 tc 




,

(D.13)


 
 τ
τ
+ cos2 (φIP (τ )) ⋅ sinh 2  − 2 sinc(2πf τ ) 
tc
 tc 

 
where the interferometer phase fIP(t) equals φIP (τ ) = 2πν0τ .
On examining eq. (D.13) we note first of all that for zero delay difference the noise
vanishes, as expected. For τ ≠ 0 the magnitude of the noise depends strongly on the
fact whether the interferometer is operated in-phase or in-quadrature, as expressed by
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the terms containing the cos 2 (φIP (τ )) and sin 2 (φIP (τ )) factors. In-quadrature
operation corresponds to a vanishing cos 2 (φIP (τ )) . In our

IO

interferometers the

product of delay difference t and noise frequency f will be much smaller than 1,
yielding from eq. (D.13) to a good approximation the white spectral density:1
WPout



 τ 
Pin2
τ  
=
⋅ tc ⋅ exp − 2  ⋅ sin2 (φIP (τ )) ⋅ cosh 2  − 1
tc  
4

 tc  


 τ
τ  
+ cos2 (φIP (τ )) ⋅ sinh 2  − 2  
tc  
 tc 


(D.14)

The behaviour of eq. (D.14) after normalisation is plotted in figure D.1. In order to
show clearly all features we used a small coherence time of 7 optical periods
( ν0 t c = 7 ). The strong dependence on the biasing point is remarkable.

Fig. D.1 Dependence of the noise spectral density on the interferometer delay difference
(n0tc=7).

It appears that the noise level is the highest for in-quadrature operation, which is
understood intuitively by realising that the phase sensitivity of the interferometer is
largest there. The influence of the operating point is the largest for a delay difference
equal to the coherence time. When the delay difference increases above a few times
the coherence time, the absolute noise level saturates and becomes independent of the
exact biasing point.

Of course the approximation of a white noise source requires also pfmaxtc<<1, where fmax is the
maximum noise frequency of interest.
1
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The absolute noise level is the smallest for small delay differences as used in
interferometers. By expanding eq. (D.14) for very small τ t we obtain:
c
WPout

3
 τ  2

Pin2
2 τ
2
≈
⋅ t c ⋅   ⋅ sin (φIP ) + ⋅   ⋅ cos 2 (φIP ) ,
2
3  tc 
 t c 


IO

(D.15)

which shows that the power spectral density is dependent on the delay difference t to
the 2nd-order for in-quadrature operation, and to the 3rd-order for in-phase operation.
Assuming operation at a quadrature point, eq. (D.15) can be simplified further
towards:
2

WPout

τ
P2
≈ in ⋅ t c ⋅   .
2
 tc 

(D.16)

Next the equivalent interferometer phase error dfIP will be calculated. At a quadrature
point the transfer of an equivalent phase error to an intensity error is given by:

∂Pout
= 21 Pin .
∂φIP

(D.17)

Thus we obtain for the rms error in the interferometer phase:

δφIP

2

∂P
= out
∂φIP

−1

⋅ WPout ⋅ 2 ∆f =

2
⋅ τ ⋅ ∆f .
tc

(D.18)
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E
PHOTOCURRENT-SIGNAL
MODULATION FORMATS AND THE PM
WAVEFORM
In this appendix relations between the spectral properties of the time-periodic
photocurrent signal and the properties of the PM waveform (oddness and evenness)
will be established.
General analysis

From eq. (3.3) the photocurrent Id(t) can be written as:

(

)

I d (t ) = I b + I bV ⋅ cos(φ M ) ⋅ x(t ) + sin(φ M ) ⋅ y(t ) .

(E.1)

where the functions x(t) and y(t) are given by:
x( t ) = cos(φPM ( t ))
y( t ) = sin(φPM ( t ))

.

(E.2)

The periodic real time functions x(t) and y(t) can be expanded into the Fourier series:
x(t ) =
y(t ) =

∞

∑X

n =−∞
∞

∑Y

n =−∞

n

n

⋅ exp( jnΩt )

⋅ exp( jnΩt )

,

(E.3)

where W is the fundamental frequency and the Fourier coefficients Xn and Yn are
defined by:
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π

∫ cos(φ (t )) ⋅ exp(− jnΩt )dΩt

2πX n =

PM

−π

π

∫ sin(φ (t )) ⋅ exp(− jnΩt )dΩt

2πYn =

.

(E.4)

PM

−π

The Fourier coefficients Fn of the complex time-function f (t ) = exp( jφPM ( t )) are
defined by:
π

∫ exp j(φ

2πFn =

PM

−π

( t ) − nΩt )dΩt .

(E.5)

After defining the real quantities An, Bn, Cn, and Dn according to:
π

∫ cos(φ (t )) ⋅ cos(nΩt )dΩt ,

2πAn =

PM

⇒

A− n = An

⇒

B− n = − Bn

−π

π

2πBn =

∫ sin(φ (t )) ⋅ sin(nΩt )dΩt ,
PM

−π

,

π

2πCn =

∫ sin(φ (t )) ⋅ cos(nΩt )dΩt ,
PM

(E.6)

⇒ C − n = Cn

−π

π

2πDn =

∫ cos(φ (t )) ⋅ sin(nΩt )dΩt ,
PM

⇒

D− n = − Dn

−π

the Fn can be expressed as:
Fn = An + Bn + j (Cn − Dn )

F− n = An − Bn + j (Cn + Dn )

.

(E.7)

In turn, the Fourier coefficients of the periodic time functions x(t) and y(t) can be
expressed as:

(F + F ) = A − jD
,
= − j ( F − F ) = C − jB

Xn =
Yn

1
2

∗
−n

n

1
2

n

n

∗
−n

n

n

(E.8)

n

yielding for the Fourier series expansions of x(t) and y(t):
x(t ) =
y(t ) =

∞

∞

∑ X n ⋅ exp( jnΩt ) = A0 + 2∑ An ⋅ cos(nΩt ) + Dn ⋅ sin(nΩt )

n =−∞

n =1

∞

∑Y

n =−∞

n

∞

⋅ exp( jnΩt ) = C0 + 2∑ Cn ⋅ cos(nΩt ) + Bn ⋅ sin(nΩt )

.

(E.9)

n =1

After substitution of eq. (E.9) in eq. (E.1), we obtain the following expression for the
photocurrent signal:

(

)

I d (t ) = I b + I bV A0 cos(φ M ) + C0 sin(φ M )
∞

+ 2 I bV ⋅ cos(φ M ) ⋅ ∑ An ⋅ cos(nΩt ) + Dn ⋅ sin(nΩt ) .

(E.10)

n =1
∞

+ 2 I bV ⋅ sin(φ M ) ⋅ ∑ Cn ⋅ cos(nΩt ) + Bn ⋅ sin(nΩt )
n =1

A useful formulation which is equivalent to eq. (E.10), shows the phase modulated
components:

(

)

I d (t ) = I b + I bV A0 cos(φ M ) + C0 sin(φ M )
∞

+ I bV ⋅ ∑ ( An − Bn ) ⋅ cos(nΩt + φ M ) + (Cn + Dn ) ⋅ sin(nΩt + φ M ) .

(E.11)

n =1
∞

+ I bV ⋅ ∑ ( An + Bn ) ⋅ cos(nΩt − φ M ) − (Cn − Dn ) ⋅ sin(nΩt − φ M )
n =1

Using the exponential notation this can also be written as:

(

)

I d (t ) = I b + I bV A0 cos(φ M ) + C0 sin(φ M )
∞

{

}

+ I bV ⋅ ∑ Re Fn ⋅ exp j(nΩt − φ M ) + F−∗n ⋅ exp j (nΩt + φ M )
n =1

.

(E.12)

PM waveform with even symmetry

If fPM(t) possesses even symmetry in Ωt = 0 (i.e. if φPM (t ) = φ PM ( − t ) ), then eq. (E.6)
gives Bn = Dn = 0 . Substitution in eq. (E.10) yields the photocurrent signal:

(

)

I d (t ) = I b + I bV ⋅ A0 cos(φ M ) + C0 sin(φ M )
∞

(

)

+ 2 I bV ⋅ ∑ An cos(φ M ) + Cn sin(φ M ) ⋅ cos(nΩt )
n =1

.

(E.13)

Hence, if fPM(t) possesses even symmetry, then the photocurrent signal will be
composed of AM (double sideband)-modulated harmonics.
PM waveform with odd symmetry

If fPM(t) possesses odd symmetry in Ωt = 0 (i.e. if φPM ( t ) = −φPM ( − t ) ), then we have
from eq. (E.6) Cn = Dn = 0 . Substitution in eq. (E.10) yields a photocurrent signal
Id(t) of the form:
I d (t ) = I b + I bV ⋅ A0 cos(φ M )
∞

+ 2 I bV ⋅ ∑ An cos(φ M ) cos(nΩt ) + Bn sin(φ M ) sin(nΩt )
n =1

Alternatively, substitution in eq. (E.11) gives:

.

(E.14)
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I d (t ) = I b + I bV ⋅ A0 cos(φ M )
∞

+ I bV ⋅ ∑ F− n ⋅ cos(nΩt + φ M ) + Fn ⋅ cos(nΩt − φ M )

,

(E.15)

n =1

where the Fourier coefficients Fn and F-n as given by eq. (E.7) are real. If the optical
PM waveform is such that either Fn = 0 or F− n = 0 , then pure phase-modulation at the
nth harmonic results.
PM waveform with both odd and even symmetry

Some important PM waveforms (e.g. the sinusoid, the symmetric triangle and the
squarewave) possess odd symmetry in t = 0 , but in addition even symmetry in
Ωt = π 2 (i.e. φPM (Ωt − π2 ) = φPM ( π2 − Ωt ) ). From eq. (E.6) we can derive for An:
π

∫ cos(φ

2πAn =

(t )) ⋅ cos(n(Ωt − π2 ) + n π2 )dΩt ,

PM

−π

π

∫ cos(φ

=

[

−π

= cos(n

]

(t )) ⋅ cos(n(Ωt − π2 )) cos(n π2 ) − sin(n(Ωt − π2 )) sin(n π2 ) dΩt , (E.16)

PM

π

) ⋅ ∫ cos(φPM (t )) ⋅ cos(n(Ωt − π2 ))dΩt

π
2

−π

and for Bn:
π

2πBn =

∫ sin(φ

PM

−π

π

=

∫ sin(φ

−π

= sin(n

PM

(t )) ⋅ sin(n(Ωt − π2 ) + n π2 )dΩt

[

]

(t )) ⋅ sin(n(Ωt − π2 )) cos(n π2 ) + cos(n(Ωt − π2 )) sin(n π2 ) dΩt . (E.17)
π

π
2

) ⋅ ∫ sin(φPM (t )) ⋅ cos(n(Ωt − π2 ))dΩt
−π

Thus An = 0 for odd n, while Bn = 0 for even n. Substitution in eq. (E.14) finally
yields for the Fourier expansion of the photocurrent:
I d (t ) = I b + I bV ⋅ A0 cos(φ M )
∞

+ 2 I bV ⋅ sin(φ M ) ⋅ ∑ B2 k −1 sin((2 k − 1)Ωt ) ,

(E.18)

k =1
∞

+ 2 I bV ⋅ cos(φ M ) ⋅ ∑ A2 k cos(2 kΩt )
k =1

which shows that odd harmonics are AM (double sideband) modulated by sin(fM) and
even harmonics by cos(fM). The harmonic components in eq. (E.18) are sometimes
referred to as phase-generated carriers (PGC) [47].

F
NOISE PERFORMANCE COMPARISON
OF LOCKING AND SCANNING DPMI
In this appendix we establish expressions for the variance of a sample for the phaselocking and phase-scanning DPMI techniques. It is assumed that the phase-bias signal
is a squarewave. If the interferometer provides differential output ports, the influence
of excess laser intensity noise in the differential photocurrent can be cancelled out.
We shall first consider the locking technique and then the scanning technique.
Locking technique

The variance of an MIOP sample can be easily calculated by starting from the
equivalent noise current I na ( t ) , which expresses all physical noise contributions in an
equivalent noise current which adds to the AC photocurrent. In turn, by linearising the
relation between the amplitude of the fundamental frequency component of the
photocurrent signal and the MIOP in the PIPC, this noise current can be expressed in
terms of an equivalent phase noise, which is additive to the MIOP. From the general
expression for the photocurrent signal harmonics in the DPMI approach, eq. (3.29), and
from eq. (3.13) for a squarewave phase bias, the amplitude of the fundamental
frequency component equals:

( )

4
I$d = ⋅ I bV ⋅ sin φ$b ⋅ sin(φ M − φc ) .
π

(F.1)

This relation may be linearised in the PIPC:
I$d ≈ (φM − φc ) ⋅ I$d ,max ,
where I$d ,max =

4
π

(F.2)

( )

I bV sin φ$b . The variance of a phase sample can thus be easily

expressed as:
1
σφ2M = $ 2 ⋅ σ I2na
I d ,max

(F.3)
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The fundamental lower limit is determined by photon shot noise and requires
sin φ$b = 1. In the case of differential interferometer outputs with equal background

( )

currents Ib, the shot noise is σ I2na = 2e ⋅ (2 I b ) ⋅ ∆f , where Df denotes the noise
bandwidth. Thus for the limiting case of photon shot noise we obtain:
 π  e
=   ⋅ ⋅ ∆f
 2V  I b
2

σ

2
φM

(F.4)

In general the noise bandwidth will be smaller than the sample rate.
Scanning technique

Subsequently we shall find an expression for the variance of the fluctuations in the
samples as obtained by the scanning technique. A scan range of 2p will be assumed,
as well as the use of one PIPC per fringe. Near the ideal decision instant tdi (where the
interferometer phase is in a PIPC), the magnitude of the AC photocurrent signal can be
approximated by a linear function of time:

(t − t di ) I$
I$d (t ) ≈ 2π ⋅
⋅ d ,max ,
Tscan

(F.5)

where Tscan is the scan duration. In addition to the additive noise current I na ( t ) , the
presence of a multiplicative noise current I nm (t ) will be assumed. This multiplicative
noise current results from excess laser intensity noise that is modulated by the
interferometer phase and it is present even in the differential photocurrent. In the
neighbourhood of a PIPC, the multiplicative noise current I nm (t ) is of the form:
I nm ( t ) ≈ 2π ⋅

(t − t )
di

Tscan

⋅ I excess ( t ) ,

(F.6)

where the virtual noise current I excess ( t ) represents the maximum noise current that is
available from excess intensity noise. It should be noted that, when only a single
output port of the interferometer is considered, the influence of excess intensity noise
will mainly be additive.
The actual decision instant t da will deviate (jitter) from tdi due to the previously
mentioned noise contributions, and is found from the condition
I$d (t da ) + I na (t da ) + I nm (t da ) = 0 . This yields:
t da − t di =

− Tscan 2π
⋅ I na (t da ) .
$I
d ,max + I excess (t da )

(F.7)

This formula shows that if the available virtual noise current I excess ( t ) remains much
smaller than the maximum AC photocurrent I$d ,max , its jitter contribution (by I nm (t ) )
will be negligible, and the jitter will be entirely due to the additive noise current

I na ( t ) . As it is reasonable to assume stationary noise statistics the variance of the
jitter can now be simply calculated and yields:
2

σ

2
t da

 Tscan 
 ⋅ σ I2
= 
na
$
 2π ⋅ I d ,max 

(F.8)

Next, if the jitter is translated into sample fluctuations, it has to be related to the scan
duration and for the variance of an MIOP sample we obtain:
2

σ

2
φM

 2π 
1
=
 ⋅ σ t2da = $ 2 ⋅ σ I2na .
I d ,max
 Tscan 

(F.9)

which is exactly the same result as obtained for the locking technique, even though the
interferometer is not in the PIPC continuously.
The difference in noise performance of the locking and scanning techniques is
therefore only in the noise bandwidth, which must be larger for the latter technique.
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G
THE BARE PHASE-SCANNING
TECHNIQUE
In this appendix we will briefly present the bare phase-scanning technique as it was
developed in the first stage of this work and as it is part of a patent application [165].
Principle and architecture

The bare phase-scanning technique is based on the use of a two-beam interferometer
with differential outputs. Apart from the use of AC phase-bias and coherent
demodulation of the photocurrent signal, the principle is identical to that shown in
figure 4.1. The architecture of the bare phase-scanning technique is shown in figure
G.1.

Fig. G.1 Architecture of the bare phase-scanning technique.

The differential preamplifier responds to the difference of the photocurrents
associated with both interferometer outputs ( I d 1 (t ) − I d 2 (t ) ). The zero-crossings of
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this difference correspond to the predetermined interferometer-phase conditions
(PIPCs). Therefore in the ideal case the PIPCs are now the quadrature points rather than
the fringe extrema. The resulting additional static phase-bias of p/2 in the phase
measurement can be taken into account by the phase-bias calibration procedure (see
subsection 2.4.3), and has no further consequences.
Applicability in dual-wavelength fringe-order determinators

Since no AC phase-bias signal is used, the wavelength diplexing technique based on
dual-frequency (squarewave) AC phase modulation cannot be used with the bare
phase-scanning technique. Other diplexing techniques mentioned in subsection 3.6.2
can be used in principle.
Vulnerability to quasi-static additive errors

Ideally both photocurrent signals have the same background level, which therefore
cancel each other out in the difference of the photocurrents. Thus zero-crossings of the
photocurrent difference occur exactly in the PIPCs (the quadrature points in this case).
Quasi-static errors which are additive to the difference of the photocurrent signals will
cause the zero-crossings to deviate from the PIPCs. Examples of such errors are the
imperfect matching of the background levels in the detected powers, the offset current
of the preamplifier, the 1/f noise of the photodiode and the preamplifier. The influence
of additive static errors is illustrated by figure G.2, which depicts the fringe patterns in
the case of unequal background levels.

Fig. G.2 Illustration of the phase errors introduced by unequal background powers in the
differential photocurrents. Zero-crossings do not coincide with the quadrature points and their
distribution over the phase axis is non-uniform.

The zero crossings do not coincide with the quadrature points while the signs of the
resulting phase errors are opposite for subsequent zero-crossings. The error in the
phase measurement will therefore be a periodic function of the MIOP.
Background error detection and phase modulator scale factor tuning

The imperfect cancellation of the background level can be detected from the nonuniform distribution of zero-crossings in the fringe pattern (see figure G.2). For this
purpose the peak-peak value of the phase-scanning waveform (SW) is set at 3p so that
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at least 3 zero-crossings on each SW slope are obtained (nominally spaced p apart). An
imperfectly cancelled background reveals itself by the fact that the second zerocrossing will not be exactly midway the first and third.
Using the SW amplitude of 3p/2, tuning of the PM scale factor can be implemented in a
similar way to that discussed in subsection 4.3.1, the main difference being that the
first and third zero-crossings (spaced apart by 2p rather than p) must be used in order
to avoid dependence on the background error. To make sure that the PM tuning
accuracy is invulnerable to dynamic variations of the MIOP, a reference interferometer
output as in figure 3.14 can be used.
It must be noted that the accuracy of the background error detection is vulnerable to
dynamic MIOP variations and that a reference interferometer output cannot be used to
avoid this vulnerability1. This is because the magnitude of the background error is
specifically related to a particular (differential) interferometer output, while the
background errors of reference and sensing interferometers will not be correlated.

Fig. G.3 Background cancellation by feedback: a) additive correction current, b) current
splitting.

Background cancellation by feedback

In principle the background error can be reduced by using a feedback arrangement to
nullify the static background level. The nullification may be implemented either by (1)
adding a correction current to the photocurrent difference or by (2) using current
splitters with a controllable splitting ratio such as described in [208]. Both methods
are schematically depicted in figure G.32.

1

If the predominant part of the total background error were static, a one-time detection in the factory
(using a static measurand) would suffice. The required setting of the cancellation circuit must be stored.

2

In principle both these methods can also be implemented in the optical domain.
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The most important difference between these methods is the following. The use of an
additive correction current for background compensation as in figure G.3a introduces
excess noise, both from the correction current itself as well as from excess laser
intensity noise associated with the finite differential optical power that is detected in
the
PIPC.
On the other hand, the current splitter of figure G.3b introduces negligible excess
noise itself, while the cancellation of excess laser intensity noise in the PIPC remains
complete.
Conclusion

It can be concluded that the bare phase-scanning techniques cannot be used in an
interrogation system that uses dual wavelength diplexing by dual-frequency AC phase
modulation. Reduction of the influences of quasi-static additive errors in the
photocurrent (background errors) is possible by using an additional feedback scheme.
The background-error detection is vulnerable to dynamic variations of the MIOP.

H
DERIVATION OF SAMPLING CRITERIA
FOR DYNAMIC MEASURANDS
In this appendix criteria are derived for the maximum rate of change of the MIOP and
for the maximum allowed frequency of a sinusoidal MIOP. For both criteria the SW
amplitude is p radians. Reference is made to figures 4.5 and 4.6.
Slope criterion

The calculation of the slope criterion is based on the MIOP fM,a(t) in figure 4.5. The
subsequent samples are denoted by fM,a(t1) and fM,a(t2) at the instants t1 and t2
respectively. For notational convenience the time origin is chosen at the point where
φc (t = 0) = −π . Thus t1 is negative while t2 is positive. The SW at t1 and t2 is given by:

φc (t 1 ) = −π − 2π ⋅

t1
T
t
φc (t 2 ) = −π + 2π ⋅ 2
T

(H.1)

where T denotes the duration of one SW slope.
As indicated by figure 4.5 the

MIOP

at the time origin satisfies φM ,a (t = 0) = 0 . This

yields:

φ M ,a (t 1 ) φ M ,a (t 2 )
=
t1
t2
At t1 and t2 the

SW

(H.2)

and the

MIOP

coincide: φM ,a (t 1 ) = φc (t1 ) and φM ,a (t 2 ) = φc (t 2 ) .

Therefore by substituting eq. (H.1) we obtain:
−

π 2π
π 2π
−
=− +
t1 T
t2
T

⇒

t1 − t 2 4
=
t1t 2
T

(H.3)
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Another condition is obtained by requiring that the intersample distance equals p
radians:

φc (t 2 ) − φc (t1 ) = π

⇒ t2 =

T
−t
2 1

(H.4)

Combination of these expressions leads to:
1
−1
 t1 
⇒ t1 =
⋅ T,
  =
T
8
2 2
2

(

)

t 2 − t1 = 1 + 2 ⋅

T
2

(H.5)

and we find for the slope of the MIOP:

φ M ,a (t 2 ) − φ M ,a (t1 )
1
2π
π
=
=
⋅
t 2 − t1
t 2 − t1 1 + 2 T

(

(H.6)

)

which is a factor 1 1 + 2 ≈ 0.414 times the SW slope.
Sampling criterion for sinusoidal MIOP

In the case of a derivation of the sampling criterion for sinusoidal measurands we refer
to figure 4.6. The aim of the calculation is to find the lowest possible frequency of a
sinusoidal MIOP which may remain unsampled during exactly one half of its period.
This situation is illustrated in figure 4.6.
The MIOP shown can be written as:

φM (t ) = φ$M (1 − cos(2πft )) .

(H.7)

We will determine the positive time instant t2 at which the MIOP and the
(i.e. yield a sample). The SW at the slope of interest can be written as:

φc (t ) =

2πt
−π ,
T

SW

coincide

(H.8)

where, as before, T is the slope duration.
As the MIOP reaches its minimum in the time origin, and
during half of its period, it has maximum slope at t2 (i.e.
consider the worst-case this maximum slope is required
criterion formulated in eq. (H.6). Hence we require:

φ$M ⋅ 2πf ⋅ sin(2πft 1 ) =

1
2π
⋅
1+ 2 T

⇒ φ$M ⋅ f ⋅ T =

since it remains unsampled
2πft 2 = π 2 ). Moreover, to
to satisfy exactly the slope

1
.
1+ 2

(H.9)

At the sample instant we have:

φ M (t 2 ) = φc (t 2 )
Thus we arrive at:

2πt 2
⇒ φ$M =
−π
T

2 πft 2 =

⇒

π
2

π
φ$M ⋅ f ⋅ T = − πf ⋅ T .
2

(H.10)
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f ⋅T =

1
1
−
≈ 0.368 ,
2 π 1+ 2

(

)

which is the result sought.

(H.11)
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SUMMARY
Integrated optical sensors have a high potential in the measurement of a large variety
of measurands. Research on integrated optical sensors enjoys increasing interest. In
order to reach accurate performance and to facilitate the use of integrated optical
sensors, electronic functions for sensor interrogation are required. This thesis presents
several coherent interferometric interrogation concepts (system architectures) for
phase modulating integrated optical sensors. It also focuses on the determination of
both quasi-static and dynamic components of the measurand. On-chip electronic
circuitry may eventually lead to a smart sensor (chapter 1).
In chapter 2 the fundamental problems to be solved with the interferometric
measurement of a measurand-induced optical phase are discussed. The considerations
are based on an approximate model that involves first-order chromatic dispersion and
linear interaction with the measurand. This model provides a good insight into various
aspects as it results in closed-form expressions. The non-linear periodic fringe pattern
of an idealised two-beam interferometer gives rise to the fundamental problems of (1)
sensitivity fading at the fringe extrema, (2) ambiguity in the determination of the
direction of measurand changes, and (3) ambiguity in the determination of the integer
order of the current interference fringe. In a practical interferometer systematic effects
(background power, fringe visibility and phase bias, originating from technological
tolerances) and random errors (noise, optical frequency drift) cause additional
problems that have to be solved. A brief analysis of all mentioned problems has been
presented. Because of the fundamental problems, referred to, the coherent
interferometric interrogation systems that are subject of this thesis (intended for use
with large operational-range quasi-static measurands), will generally be composed of a
hybrid combination of two interdependent subfunctions: fringe-order determination to
solve the fringe-order ambiguity and phase tracking to solve both directional
ambiguity and sensitivity fading. It was argued that active phase modulation is the
most suitable principle for dealing with uncertain background power and fringe
visibility in phase trackers. Fringe-order determination is based on a measurement
principle that avoids the fringe-order ambiguity by using a measurand-induced phase
with greatly reduced sensitivity to the measurand. A reliable method is to interrogate
the interferometer at an artificial (synthetic) frequency which is much smaller than the
optical frequency. This synthetic frequency can be realised as an optical-frequency
difference or frequency variation.
In-factory calibration procedures are described for the functional parameters of the
system (proportionality constants or scale factors) as well as of systematic nonidealities (phase bias at both the optical and the synthetic frequency). Reduction of the
influence of excess laser intensity noise and frequency stabilisation are briefly
addressed. An expression is established for the available error budget, that still allows
a correct fringe-order determination.
Chapter 3 presents several phase-tracking and fringe-order determination techniques.
The most important requirements for phase trackers appear to be the use of electro-
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optical phase-modulators with small peak-peak phase modulation, the use of a digital
phase representation, and the application of AC phase modulation and AC photocurrent
signal processing to cancel the influences of uncertain background current and quasistatic additive errors in the photocurrent. In order to realise accurate phase
measurements, a well-tuned scale factor of the optical phase-modulator is of major
inportance and emphasis is therefore given to compatible tuning techniques. Important
aspects of automatic phase-modulator tuning techniques are the possible modes of
operation, the possible interruption of the phase tracker and the influence of the
measurand-induced optical phase.
Depending on the symmetry properties of the AC optical phase-modulation waveform,
the photocurrent signal harmonic components are either in an amplitude-modulated,
phase-modulated, or fringe-sampling format. Coherent demodulation techniques
should be applied to all formats in order to retrieve the measurand-induced phase
information. In this thesis a main distinction is made between direct and indirect
phase-tracking approaches. The direct approach is based on compensation of the
influence of the measurand-induced optical phase with a calibrated optical phasemodulator and requires only a single coherent AM demodulator, which is followed by
a zero-crossing detector. This makes the direct approach insensitive to uncertain
multiplicative factors. It is shown that the use of squarewave AC phase-bias
modulation in the direct approach allows a reduction of the influence of the excess
laser-intensity noise to be achieved. A novel direct technique using phase scanning is
presented, as well as a direct phase-locking technique with a novel reset mechanism.
In contrast to the direct approach, the indirect approach, in principle, uses a single
optical phase-modulation signal and requires either a single phase demodulator or at
least two AM demodulators. In the case of indirect phase-trackers it is argued that for
accurate operation preferably digital demodulation combined with fringe sampling
(stepwise) optical phase modulation and coherent integration should be used. Just as
the direct approach, the indirect approach achieves insensitivity to uncertain
multiplicative factors. Automatic tuning of the phase modulator appears to be possible
for most phase-tracking techniques. Both direct phase-scanning and indirect fringesampling allow quasi-continuous operation of the phase-modulator tuning scheme,
without phase-tracker interruption.
Important aspects of fringe-order determination are the feasible range and accuracy.
These aspects are strongly related to the way in which the required synthetic frequency
is realised. Two feasible methods are: (1) the frequency difference of two different
optical sources (dual wavelength) and (2) the variation of the frequency of a single
optical source. The former method allows a smaller operational range but imposes
lower requirements on the phase tracker resolution than the latter method does.
Several techniques for the diplexing of dual optical sources are discussed. A novel
technique is described for diplexing two optical wavelengths in the same
interferometer using dual-frequency AC phase modulation. This diplexing technique
uses separate phase modulators for both wavelengths, allowing them to remain
correctly tuned at the same time. This in turn facilitates accurate fringe-order
determination with dynamic measurands.
In order to counteract frequency drift, the stabilisation of both optical and synthetic
frequencies is proposed, by diplexing dual optical wavelengths on a single unbalanced
reference interferometer.
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The required combination of phase tracking and fringe-order determination techniques
in a hybrid interrogation system may cause compatibility problems. In chapter 4
requirements originating from a specific application and technological constraints lead
to the final choice for the combination of a phase-scanning phase tracker and a dualwavelength fringe-order determination technique using the novel dual-frequency AC
phase-modulation diplexing technique. Criteria are derived for the choice of the
scanning waveform amplitude as well as the scanning rate in relation to the dynamic
attributes of the measurand-induced optical phase. Practical implementation aspects of
the phase-scanning technique as well as the compatibility with the diplexing technique
are considered in more detail. In particular a lead-lag control principle is described for
arranging the coincidence of the instants of sampling related to the phase
measurements at both frequencies. This will improve the accuracy of the synthetic
phase measurement in the case of a dynamically varying measurand. An inherent
reference interferometer that is provided by the diplexing technique enables accurate
phase-modulator scale-factor tuning to be achieved at both wavelengths
simultaneously, and independently of the (varying) measurand.
Chapter 5 gives a global overview of the hybrid interrogation system as synthesised in
chapter 4. Also conclusions are drawn and recommendations for further research are
given.
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SAMENVATTING
Geïntegreerd-optische sensoren bieden goede vooruitzichten ten aanzien van een grote
diversiteit aan meetgrootheden. Het onderzoek naar deze sensoren en hun
toepassingen ervaart dan ook een groeiende belangstelling. Om een hoge
meetnauwkeurigheid te waarborgen en om het gebruik van geïntegreerd-optische
sensoren te vergemakkelijken, dienen elektronische sensor-interrogatie technieken te
worden toegepast.
Dit proefschrift beschrijft diverse bestaande en nieuwe concepten (systeemarchitecturen) voor interrogatie van fase-modulerende interferometrische
geïntegreerd-optische sensoren. De concepten zijn in principe bedoeld voor situaties
waarin de meetgrootheid quasi-statisch is, maar zijn ook toepasbaar bij aanwezigheid
van een dynamische component. De toepassing van elektronica op de chip kan worden
gezien als de opmaat naar slimme geïntegreerd-optische sensoren (hoofdstuk 1).
Zoals behandeld wordt in hoofdstuk 2, stuit men op een drietal fundamentele
problemen bij het op interferometrische wijze meten van een door een meetgrootheid
geïnduceerd optisch fase verschil. Deze problemen ontstaan doordat het interferentie
patroon van een interferometer inherent niet-lineair en periodiek is. De problemen zijn
de volgende: (1) de afname van de meetgevoeligheid in de buurt van extrema in het
interferentie patroon, (2) een toename van de meetgrootheid kan niet eenduidig
worden onderscheiden van een afname en (3) behalve de waarde van de fase binnen
één periode moet ook nog de orde van de interferentie bepaald worden. Daarnaast
bestaat er een aantal problemen van meer praktische aard. Dit betreft de foutbronnen
met hetzij een systematische aard (in bijv. het achtergrond vermogen, het interferentie
contrast en een offset in het optisch faseverschil) of van een toevallig karakter (zoals
ruis en drift van de optische frequentie). Technologische toleranties spelen hierbij een
belangrijke rol. De grootte of de invloed van deze fouten moet worden verkleind door
middel van geschikte technieken voor interrogatie en/of calibratie. Zowel de
fundamentele als de praktische problemen zijn in beknopte vorm geanalyseerd. Als
noviteit is in deze analyse de invloed van chromatische dispersie meegenomen en
wordt er uitgegaan van een lineair verband tussen meetgrootheid en geïnduceerd
faseverschil, hetgeen resulteert in inzichtelijke analytische uitdrukkingen.
Om een remedie te bieden voor het probleem van de gevoeligheids-afname en om
onderscheid te maken tussen een toe- en afname van de meetgrootheid, worden fasevolgers ingezet, waarin een optische fase-modulator als actuator opgenomen is. De
invloeden van het interferentie-contrast en achtergrond-vermogen op het metingen
blijken op deze wijze aanzienlijk verkleind te kunnen worden. Voor een eenduidige
bepaling van de interferentie-orde wordt in dit werk meer-golflengten interferometrie
toegepast. De optische bron wordt hierbij als het ware vervangen door een virtuele
stralingsbron met veel lagere frequentie, de zgn. synthetische frequentie. De hierbij
behorende synthetische fase wordt berekend als het verschil van de resultaten van
fase-metingen die zijn uitgevoerd op de verschillende optische frequenties. Fasevolgers en interferentie-orde bepalers zijn vaak beide nodig in een interrogatie
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systeem; bovendien zijn ze in een dergelijk hybride systeem onderling op elkaar
aangewezen (hoofdstuk 2).
In hoofdstuk 2 wordt verder de noodzaak aangegeven voor fabrieks-calibratie van een
aantal systeem-parameters (schaalfactoren) en systematische fouten. Verkleining van
de invloed van laser intensiteits-fluctuaties en stabilisatie van de laser-frequentie
worden kort behandeld. Het foutenbudget dat nog net een correcte bepaling van de
interferentie-orde toelaat, wordt afgeleid.
In hoofdstuk 3 worden diverse technieken gepresenteerd voor het volgen van de fase
en voor het bepalen van de interferentie-orde. In de fase-volgers wordt, met behulp
van breedbandige elektro-optische fase-modulatoren, tijd-periodieke fase-modulatie
toegepast. Enkele belangrijke voorwaarden hierbij zijn, dat volstaan moet kunnen
worden met een zo klein mogelijke piek-piek waarde van de optische fase modulatie,
dat de te meten optische fase wordt geëxtraheerd uit het fotostroom signaal door
middel van coherente demodulatie en dat de gemeten fase intern op digitale wijze
wordt gerepresenteerd. Om een hoge fase-nauwkeurigheid te halen moet verder de
schaalfactor van de fase-modulator nauwkeurig worden afgestemd. Het belang van
technieken voor automatische afstemming van deze schaalfactor wordt onderstreept in
dit werk. Met betrekking tot deze schaalfactor-afstemtechnieken is aandacht besteed
aan de samenwerking met de fase-volger en aan de eventuele beïnvloeding door de
meetgrootheid.
Met betrekking tot fase-volgers wordt in dit proefschrift een onderscheid gemaakt
tussen een directe en een indirecte aanpak. In de directe aanpak wordt het netto effect
van de door de meetgrootheid geïnduceerde fase actief gecompenseerd met de
optische fase-modulator. De grootte van het voor volledige compensatie benodigde
stuursignaal is een directe maat voor de te meten optische fase. De volledigheid van
de optische fase-compensatie wordt uit het fotostroom-signaal afgeleid met behulp
van een nuldetector. De niet-exact bekende evenredigheids-constante van het
fotostroom-signaal heeft zo geen invloed op het meetresultaat. Om coherente
amplitude-demodulatie mogelijk te maken, wordt in dit proefschrift voorgesteld om
een blokgolf-vormige fase-modulatie te superponeren op het compensatie signaal.
Hierdoor wordt de invloed van laser-intensiteits-fluctuaties verkleind. Een fase-lock
techniek wordt gepresenteerd met daarin een nieuw reset mechanisme, dat bedoeld is
om binnen het beperkte werkingsgebied van de optische fase-modulator te blijven.
Een alternatieve uitwerking van de directe aanpak leidt vervolgens tot de introductie
van een nieuwe fase-volger die gebruik maakt van fase-aftasting (hoofdstuk 3).
Bij de indirecte aanpak voor fase-volgen wordt van slechts één (tijdperiodiek) fasemodulerend signaal gelijktijdig gebruik gemaakt. De voor extractie van de te meten
optische fase benodigde demodulatie techniek wordt bepaald door de eigenschappen
van het fase-modulerend signaal. Er blijken grofweg drie mogelijkheden te zijn: (1)
gelijktijdige amplitude-demodulatie van verschillende harmonische componenten in
het fotostroom-signaal, (2) fase-demodulatie van een enkele harmonische component
en, als nieuwe methode, (3) bemonsteren van het interferentie patroon in het
tijddomein. Daarnaast worden er voor de architectuur van indirecte fase-volgers twee
basisvarianten aangegeven, welke onderling verschillen op het punt of de coherente
demodulator al dan niet in een terugkoppellus is opgenomen. Uiteindelijk blijkt de
originele mogelijkheid (3) met een niet-teruggekoppelde demodulator de meest
aantrekkelijke te zijn, omdat hierbij op relatief eenvoudige wijze alle kritische

signaalpaden digitaal geïmplementeerd kunnen worden. Ook bij deze indirecte aanpak
heeft een niet-exact bekende evenredigheids-constante van het fotostroom signaal
geen directe invloed op het meetresultaat (hoofdstuk 3).
Bij de meeste fase-volgers blijkt een automatische regeling te kunnen worden
ontworpen voor het afstemmen van de schaalfactor van de optische fase-modulator.
Bij de twee nieuwe fase-volgers, op basis van respectievelijk fase-aftasting en
bemonstering van het interferentie patroon, blijkt zelfs een quasi-continue regeling
mogelijk te zijn. Hierdoor hoeft de fase-volger zelf niet te worden geïnterrumpeerd
(hoofdstuk 3).
De belangrijkste aspecten van interferentie-orde bepalers zijn het haalbare bereik
(aantal interferentie-ordes) en de nauwkeurigheid. Door de synthetische frequentie te
realiseren d.m.v. variatie van de optische frequentie van een enkele bron, kan in
principe een groot bereik gehaald worden, maar wordt wel een uiterst hoge
nauwkeurigheid gevraagd van de gebruikte fase-volger. Als alternatief kan de
synthetische frequentie worden gerealiseerd met behulp van twee optische bronnen.
Het bruikbare bereik is dan weliswaar kleiner (door de sterkere drift van de
synthetische frequentie), maar de nauwkeurigheids-eis aan de fase-volger is minder
zwaar. Het bruikbare bereik kan eventueel nog worden vergroot door de frequenties
van beide optische bronnen te stabiliseren met behulp van een ongebalanceerde
referentie-interferometer, uitgevoerd op de geïntegreerd-optische chip. Om, bij
gebruik van twee optische bronnen, de fase op beide optische frequenties afzonderlijk
te kunnen volgen, dient een diplexing techniek te worden toegepast. Dit proefschrift
presenteert een originele diplexing techniek, welke erin bestaat dat afzonderlijke fasemodulatoren worden gebruikt om beide optische frequenties te merken met een fasemodulatie van een unieke frequentie. Doordat de fase-metingen op beide optische
frequenties met deze techniek gelijktijdig kunnen worden uitgevoerd, is deze techniek
bijzonder geschikt voor situaties waarin de meetgrootheid een sterk dynamisch gedrag
kan vertonen (hoofdstuk 3).
In hoofdstuk 4 wordt een hybride interrogatie systeem samengesteld uit fase-volgers
en interferentie-orde bepalers zoals beschreven in hoofdstuk 3. Met inachtneming van
specifieke applicatie- en technologie-gerelateerde randvoorwaarden worden er
gemotiveerde keuzen gemaakt voor beide functies. Het beste systeem blijkt dan te
worden gevormd door de nieuwe fase-volg techniek op basis van fase-aftasting, met
een interferentie-orde bepaling op basis van twee optische bronnen en gebruikmakend
van de nieuwe, op fase-modulatie gebaseerde, diplexing techniek. Voor de fase-volger
wordt onder meer bekeken hoe groot de benodigde amplitude en snelheid van het
aftast-signaal dienen te zijn. Verder wordt aandacht geschonken aan de onderlinge
compatibiliteit van fase-volger en interferentie-orde-bepaler. Er wordt een
regelprincipe beschreven waarmee een gelijktijdige fase-meting op beide optische
frequenties kan worden gerealiseerd. Door op slimme wijze gebruik te maken van de
voor de diplexing techniek aanwezige referentie interferometers, kan hierbij van beide
fase-modulatoren de schaalfactor afgestemd worden, zonder dat de meetgrootheid
invloed heeft.
In hoofdstuk 5 wordt een globaal overzicht gegeven van het uiteindelijke hybride
interrogatie systeem uit hoofdstuk 4. Verder staan hier de belangrijkste conclusies uit
het proefschrift en enkele aanbevelingen voor verder onderzoek. Enkele belangrijke
resultaten zijn: (1) het gebruik van electro-optische fase-modulatoren met tijd-
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periodieke aansturing en coherente demodulatie biedt de mogelijkheid tot een sterke
reductie van de invloed van een aantal belangrijke quasi-statische foutbronnen, (2) er
worden enkele nieuwe fase-volg-technieken geïntroduceerd, (3) voor het behalen van
een hoge nauwkeurigheid wordt op consequente wijze toepassing voorgesteld van
afstem-technieken voor de schaal-factor van de optische fase-modulator, (4) om
absolute metingen van quasi-statische meetgrootheden mogelijk te maken, wordt het
gebruik van meer-golflengten interferometrie voorgesteld, (5) introductie van een
nieuwe diplex techniek voor meer-golflengten interferometrie maakt nauwkeurige
synthetische fasemetingen mogelijk bij een dynamisch variërende meetgrootheid.
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