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Abstract

This work presents a novel fiber-optic interferometric displacement sensor which is

based on a low-finesse Fabry-Pérot cavity. The Fabry-Pérot cavity is formed between

the cleaved, semitransparent end face of a single mode fiber and a movable target.

The sensor uses a quadrature detection scheme based on the wavelength modulation

of a distributed feedback laser operating in the telecom wavelength range around

1550 nm. The use of telecom wavelength parts makes the interferometer cost-efficient

and enables its miniaturization. The sensor enables measuring position changes over

a range of 1 m with a digital resolution of 1 pm and tracks velocities up to 2 m/s. It

is well suited to work in extreme environments such as ultrahigh vacuum, cryogenic

temperatures, or high magnetic fields and supports multichannel applications. The

interferometer achieves a position repeatability of 3σ = 0.45 nm and an accuracy of

up to 1 nm. For operation in ambient conditions, this work provides equations for the

correction of the refractive index of air using a weather station and a refractometer.

A position uncertainty of 0.3 ppm was demonstrated using a weather station.

The interferometer is suitable for displacement sensing in a wide range of applica-

tions by using different configurations of the low-finesse Fabry-Pérot sensing cavity.

Depending on the configuration of the cavity, the interferometer allows measuring on

a variety of target materials which differ in their reflectivity and surface roughness.

Different configurations of the cavity, which differ in the beam shape and the target

material, are investigated with respect to the possible working ranges and angular

alignment tolerances using the interference contrast, which is a measure for the sig-

nal quality. The use of a confocal double pass arrangement, which is formed when

using a collimated beam and a high reflective mirror, enables a measurement range

of 100 mm with a large angular alignment tolerance of up to ±1◦. In contrast, using

a focused beam allows measuring also on low reflective or rough targets, but with

reduced mwasurement range. In order to predict the optical response of arbitrary

configurations of the Fabry-Pérot interferometer, a simulation method based on the
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Airy formula and the fiber optic coupling efficiency is introduced.

Furthermore, a new method for absolute distance sensing in the sub-meter range

by two laser optical interferometry is established. A particularity of this technique

is that a target distance is determined in absolute and is no longer limited to within

an ambiguity range affecting usually multiple wavelength interferometers. The ambi-

guity of the single wavelength interferometer was eliminated by combining frequency

tuning interferometry with dual wavelength interferometry. The technique uses two

diode lasers, both operating in the telecom wavelength range. The wavelength differ-

ence is chosen to create a 25 µm long periodic beating interferometric pattern allowing

a nanometer precise position measurement limited to within an ambiguity range of

25 µm. The ambiguity is then eliminated by scanning one of the wavelengths over a

small range (3.4 nm). We measured absolute distances in the sub-meter range and

this with just few nanometer repeatability.

2



1 Introduction

Today’s nanopositioning control applications more and more call for position sen-

sors with picometer resolution and an accuracy in the double-digit nanometer range,

or even less. Beside these very well known specifications, properties like compact-

ness, robustness, usability, industry scalability, measurement speed or the ability to

compensate for environmental influences are gaining increasing importance. There

is also an increasing need for position sensors operating in harsh environments like

ultra-high vacuum, cryogenic temperatures, high magnetic fields, ionizing radiation,

or turbulent air. Technology drivers for sensors compatible with such specifications

are synchrotrons, the semiconductor industry for wafer manufacturing and quality

control, machine engineering, in particular tool making, for qualification of machine

tools and parts, and scanning probe microscopy.

There is a large variety of position and displacement sensors available on the market,

including interferometers, linear scale encoders, linear variable differential transform-

ers (LVDT), capacitive and resistive sensors.[1, 2] A coarse overview over measure-

ment range and resolution of these sensors is shown in figure 1.1. Resistive sensors

provide only low resolution (> 1 µm) and accuracy, but they are suited to work at

low temperature and ultra-high vacuum. Capacitive sensors are very limited in the

measurement range, which is typically between 10 µm to 10 mm, but provide a high

resolution of typically 2.4 nm. LVDTs usually provide a longer measurement range

of up to about 500 mm and are well suited to work under extreme environments, but

the accuracy is only in the order of 10−3. The most common position sensor is prob-

ably the linear scale encoder. It provides several meters of measurement range with

a resolution down to about 6 nm, and this with an accuracy of 5 ppm. Among the

position sensors, interferometry typically provides the highest resolution, accuracy

and the longest measurement range, and is therefore best suited for position control

on the nanometer level. Unlike the other sensors, interferometers allow measuring in

close vicinity to the measurement object, i.e. on the sample level, thus making the

3
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Figure 1.1: Overview over range and precision of different position and displacement sensors.
The horizontally and vertically shaded area classifies the presented Fabry-Pérot interferom-
eter which uses a quadrature detection scheme to achieve measurement ranges of up to
1 m.

position readout independent from the moving stage.

However, current interferometric systems imply several limitations. For example,

interferometry is exclusively used in calibration processes due to the comparably high

costs. The considerably high costs furthermore prevent a real competition with linear

encoders, although interferometers are typically easier to integrate into existing se-

tups as they are not bound to a scale. Common interferometers are, so far, often not

suited for operation in harsh environments, are limited in their measurement band-

width and suffer from large sensor heads. They also do not provide the possibility

to determine the absolute position of the target reflector, a feature which is already

available in linear scale encoders.

In the course of this work, a novel interferometer has been developed based on

the previous attocube patents [3, 4] and its performance was characterized. This

interferometer is able to overcome the limitations of today’s laser interferometers by

taking an approach that differs from existing interferometer technique. The approach

makes use of the advantages of a fiber-optic Fabry-Pérot interferometer operating

in the telecom wavelength range. In particular, short wavelengths (S-band, 1460 to

1530 nm) and conventional wavelengths (C-band, 1530 to 1565 nm) are used in the

present approach. The use of components supporting the telecom wavelength range

4



1.1. DISTINCTION FROM EXISTING INTERFEROMETERS

enables both the miniaturization and cost reduction of the interferometer, thus allow-

ing to compete with the linear scale encoder technique in order to satisfy the current

most demanding nanopositioning needs. A huge advantage of the presented interfer-

ometer manifests itself in its compatibility with extreme environments like ultra-high

vacuum, cryogenic temperatures or high magnetic fields, where most of the sensors

would fail.

1.1 Distinction from existing interferometers

Most of the commercially available interferometers are based on a Michelson interfer-

ometer. This type of interferometer suffers from a number of substantial disadvan-

tages. For clarification, figure 1.2 compares the basic design of the Fabry-Pérot inter-Michelson interferometerFabry-Pérot interferometer
ΔxSensorheadLaser FC Movabletarget Fixedmirror MovablemirrorDBS

Δx

LaserSensorheadD
Figure 1.2: Comparison between Fabry-Pérot interferometer (left) and Michelson interfer-
ometer (right). Both interferometers comprise a fiber-coupled laser and a photo detector D.
In the Michelson interferometer, a beam splitter BS splits the light into a reference beam
and a measurement beam. A displacement of the movable mirror in the measurement arm
by an amount ∆x produces a phase shift between the two beams. In the Fabry-Pérot in-
terferometer, the beam splitter is replaced by a semitransparent reference plane which is
formed by the interface between the fiber and air. The light from the laser is routed to the
interface via a fiber coupler FC.

ferometer (left) and Michelson interferometer (right). In the Michelson interferometer,

the light from a laser is routed to a collimating lens. Then, a beam splitter splits

the light into a reference beam and a measurement beam and directs them to the

interferometer reference and measurement arm. The light beams are reflected by the

mirrors and recombine at the beam splitter. The interference signal is detected at

with a photo diode. A displacement of the movable target mirror in the measurement

arm by an amount ∆x produces a phase shift ∆Φ between the two light paths. In

5



CHAPTER 1. INTRODUCTION

the Fabry-Pérot interferometer, the light from the laser is routed to a fiber coupler

where it is split into equal parts. The beam splitter is replaced by a semitransparent

reference plane which is formed by the interface between the fiber and air. The light

which is routed to the sensor head is partially reflected by this interface and forms

the reference beam. The rest of the light is reflected by the movable mirror and

recombines with the light of the reference beam. The interference signal is routed

through the same fiber coupler and is detected at a remote photo diode.

From a physical point of view, the existing Michelson interferometers are not suited

to work under extreme environments such as ultra-high vacuum, cryogenic temper-

atures, high magnetic fields or ionizing radiation. This is due to the design of the

interferometer head, comprising electronic parts which are sensitive to temperature,

magnetic field or ionizing radiation. The reference arm might further be sensitive to

changes of the environmental conditions, causing thermal position drifts or refractive

index changes which limit the accuracy of the position measurement. A mechanical

aspect that limits the field of applications of the Michelson interferometer is the large

size of the sensor head, which is limited by large optical parts such as beam splitters

and wave plates.[5]

Both the size of the sensor head and its robustness against external influences

benefit from the use of a Fabry-Pérot interferometer. The reason for this lies in the

structural difference of the Fabry-Pérot interferometer. The use of a semi-transparent

reference plane makes the reference arm, which is required in the Michelson inter-

ferometer, redundant, and the path difference is precisely defined by the distance

between reference plane and target.[6] The Fabry-Pérot interferometer is therefore

also referred to as common path interferometer.[7] This improves the stability of the

interferometer because, firstly, no beam splitters are required, secondly, no drifts can

falsify the result from the actual measurement, and thirdly because there are no re-

fractive index changes induced between measurement and reference arm. It further

offers the possibility to separate all electronic parts from the experiment because the

optical fiber remotely collects the interference signal created at the fiber end face.[6]

1.2 Distinction from linear scales

A special strategic objective of this work is the replacement of linear scales by laser

interferometry. Apart from the original idea to create a position sensor for extreme en-

6



1.2. DISTINCTION FROM LINEAR SCALES

vironments in research applications, favorable feedback from industry encouraged the

development of an industrial version of the interferometer (referred to as IDS3010),

which has the potential to replace linear scale encoders due to the reasons which are

discussed in this section.

The accurate and precise control of positioning stages at the nanometer level counts

among the key technologies in precision engineering because it allows the accurate

control of production processes over wide ranges, which in turn enables, for example,

increasing the density of structures in semiconductor industry or the precision of tools

in tool manufacturing. This requires three dimensional position sensing at the sam-

ple level at various environmental conditions. In this context it becomes more and

more attractive to replace linear scale encoders by laser interferometry. The reasons

for these developments are manifold. Firstly, interferometers profit from an intrinsic

high accuracy.[2] While the accuracy of linear scale encoders is typically in the order

of 5 ppm, the accuracy of the IDS3010 is 50 ppb in a vacuum and 0.14 ppm at am-

bient conditions. Similarly, the resolution of interferometers surpasses that of linear

encoders. This is due to the different pitch length of both techniques. In linear scales

encoders, the pitch length is given by the pitch of the scale grating, which is typically

in the order of 20 µm. The pitch of an interferometer is naturally given by half of

the laser wavelength, which is 0.8 µm in the present interferometer. Interferometry

is therefore also referred to as primary reference measurement procedure, because it

does not rely on the relation to a measurement standard.[8] Interferometers moreover

allow position sensing at the sample level. This provides information about the real

movement of the sample and about target vibrations, which are often invisible for lin-

ear scale encoders. The simultaneous measurement of three channels in the IDS3010

moreover gives access to erratic pitch and yaw movements of the stage. The type

of interferometer presented here is also ultra compact (sensor heads with a diameter

down to 1 mm are already possible), easy to integrate, and there is also no need for

calibration since the interferometric measurement procedure counts among the pri-

mary reference measurement procedures.[8] Linear scale encoders, however, are rather

bulky and require much more time for construction engineering in order to integrate

them into a setup. Very often, these encoders have to be calibrated by means of an

independent interferometric measurement in order to achieve the required accuracy.

In this calibration process, look-up tables are created and applied to the measured

values of the encoder. Liner scale encoders also suffer from a tedious alignment pro-

7



CHAPTER 1. INTRODUCTION

cess which takes longer the higher the requirements for the accuracy are. Another

difference is the sensitivity to different environments. While the presented interfer-

ometer is compatible with almost all extreme environments, the operation of linear

scales is restricted to measurements at ambient conditions. However, in interferom-

etry, air turbulence and spatial variations of the refractive index can degrade the

measurement accuracy, while linear scale encoders are insensitive to the composition

of air. The only problem they encounter in air are temperature changes which lead

to a thermal expansion of the linear scale and consequently to a degradation of the

measurement accuracy. Getting rid of this disadvantage is the biggest challenge for

industrial interferometry in these days. A possible solution approach will certainly

rely on the interferometric measurement of the refractive index, and this along the

actual measurement beam.

1.3 Scope of the thesis

This thesis describes a novel low-finesse Fabry-Pérot miniature fiber based interfer-

ometer for displacement measurements.

The theoretical principles of Fabry-Pérot interferometry are presented in chapter

2. It considers the question of whether this type of interferometer is a Doppler in-

terferometer. The question seems to be trivial, but this chapter will show that this

is not the case and clears up with a common misunderstanding. Furthermore, two

different quadrature detection schemes and the associated limitations with respect to

accuracy and measurement range will be presented. This chapter further provides

formulas allowing to predict the interference intensities created in the fiber. Partial

results of this chapter have been published in advance in the journal publication [9].

In chapter 3, the interferometer setup and its operational principle will be described

and the interferometer performance will be demonstrated experimentally. The chap-

ter also comprises details about the real-time interface which allows transmitting

measurement values of the position and about the environmental compensation of

the refractive index, which limits the measurement accuracy in air. Partial results of

this chapter have been published in advance in the journal publication [9].

The proper combination of sensor head design and target reflector can cover a va-

riety of different position tracking applications. Depending on the design, the sensor

head can provide different beam geometries, in particular collimated and convergent

8



1.3. SCOPE OF THE THESIS

laser beams. In the end, the proper beam geometry depends on the target reflec-

tivity and on the surface morphology. In chapter 4, different configurations of the

Fabry-Pérot cavity are investigated and characterized with respect to their ability to

increase the measurement range of the interferometer and to their tolerance against

angular misalignment. In order to predict the optical response of arbitrary config-

urations of the Fabry-Pérot interferometer, a simulation method based on the Airy

formula and the fiber optic coupling efficiency is introduced and evaluated. Partial

results of this chapter have been published in advance in the journal publication [10].

An interruption during the laser interferometer displacement measurement leads

to the loss of position in case that the target drifts away more than half of the pitch

length. In many instances, the loss of position and displacement information is very

detrimental, in particular in systems where accessibility is much reduced and fine

alignment is critical. Therefore, a method for absolute distance sensing by two laser

optical interferometry was developed, which is described in chapter 5. A particularity

of this technique is that a target distance is determined in absolute and is no longer

limited to within an ambiguity range affecting usually multiple wavelength interfer-

ometers. The heart of the system consists of two tunable diode lasers, both operating

in the telecom wavelength range. Partial results of this chapter have been published

in advance in the journal publication [11] and in the patent application [12].

Different applications of the interferometer are presented in chapter 6. In partic-

ular, the operation of the interferometer at cryogenic temperatures is demonstrated.

Furthermore, the differential measurement of the expansion of a piezoelectric stack is

demonstrated. Partial results of this chapter have been published in advance in the

journal publication [9].

9
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2 Theory

This chapter provides a theoretical description of the interference signal created at

the fiber end face, which is fundamental for the understanding of the whole sensor.

It helps understanding the fundamental limitations of the sensor and allows building

models which can predict the performance of the sensor without the need for testing.

As there is still confusion about how to take into account Doppler shift corrections in

the interference signal of a moving target, the chapter begins with the derivation of the

fundamental wave equation needed for the understanding of how these corrections are

applied correctly to the two beam interference. It further provides some fundamentals

on fiber optics, comprising the derivation of the numerical aperture which is relevant

for fiber coupling efficiency calculations. As the pure interference signal provides

no information about the direction of displacement and only limited information

about the amount of displacement, a special quadrature detection scheme will be

introduced and characterized with respect to its limitations. The end of this chapter

deals with the reflectivity of the fiber coupled Fabry-Pérot cavity, contrary to the two

beam interference in the Michelson interferometer, and provides a formula for the

interference intensity as a function of the phase angle.

2.1 Electromagnetic waves

The interference pattern created in an interferometer is described by the superposition

of plane electromagnetic waves. These plane waves are solutions of the fundamental

Maxwell equations in an uniform optical medium with homogenous permeability µ =

µrµ0 and permittivity ǫ = ǫrǫ0. The vacuum permeability µ0 and vacuum permittivity

ǫ0 are linked to the the speed of light c0 in a vacuum according to

c0 =
1√
ǫ0µ0

. (2.1)

11



CHAPTER 2. THEORY

The refractive index n of electromagnetic radiation in a medium is linked to the

relative permeability µr and relative permittivity ǫr by

n =
√
ǫrµr. (2.2)

The Maxwell equations[13, 14, 15] in a charge and current free medium are given by

∇ ·E = 0 ∇×E = −∂B
∂t

(2.3)

∇ ·B = 0 ∇×B = ǫµ
∂E

∂t
, (2.4)

where t is the time, E is the electric field vector, and B is the magnetic field vector.

By further applying the curl operator (∇×) to the curl equations yields the wave

equation for E and B,

∇2
B − ǫµ

∂2B

∂t2
= 0 (2.5)

∇2
E − ǫµ

∂2E

∂t2
= 0. (2.6)

The solution of these equations are plane waves of the form

E(r, t) = A1e
i(kr−ωt) +A2e

i(−kr−ωt), (2.7)

where k is the wave vector, r is the position vector and ω is the angular frequency of

the electric field. In a more generalized approach, the wave functions are of the form

∇2ψ − n2

c20

∂2ψ

∂t2
= 0, (2.8)

and the solutions are the functions [16]

ψ(r, t) = f−(k · r − ωt) + f+(k · r + ωt), (2.9)

which can be rewritten as f(ξ) = f(x− ct) in one dimension.

2.2 Two beam interference

In an optical interferometer, such as the Michelson interferometer shown in figure

2.1, a monochromatic light beam is split in two channels, a reference beam with field

amplitude Er, and a sample beam of field amplitude Es. The sample beam is made

12
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Fixed

mirror

Movable

mirror

D
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Δx
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xr

xd xs

Figure 2.1: Two beam interference illustrated by means of the Michelson interferometer. In
the Michelson interferometer, a beam splitter (BS) splits the light into a reference beam Er

and a sample beam Es and directs the beams to the interferometer reference and sample
arm with a length of xr and xs, respectively. After being reflected, both beams recombine
at the BS and hit the detector D after a distance xd.

to experience an optical path xs that differs in length from that of the reference beam

xr. All optical interferometers (Michelson, Mach-Zehnder, Sagnac, Lloyd, Fizeau,

Fabry-Pérot , Nomarski, Fresnel, Zernike, ...) are arranged in such a way that both

the reference and sample beams are recombined and made to beat at the location of

a photo detector.[17] At the location of the detector x = xd, which is assumed to be

fixed in the laboratory frame, the total field is given as

Es + Er = As exp (iks(xd + xs)− iωst)+

Ar exp (ikr(xd + xr)− iωrt),
(2.10)

assuming a most general situation for which the wave vector ks and cyclic frequency

ωs returning from the sample channel might differ from the wave vector kr and cyclic

frequency ωr of the reference channel. This is in principle possible in the specific

situation in which the sample beam is reflecting off a moving target. In such a

situation the sample beam undergoes a Doppler shift both in field frequency as well

as in wave vector. The power generated by the interfering waves at the photo-detector

is proportional to the square modulus of the sum of the fields, which is

A2
r + A2

s + 2ArAs cos {(krxr − ksxs)− (ωr − ωs)t} . (2.11)

A more convenient form is expressed as

I(x, t) = (1 + C cosΦ) I0/2, (2.12)

in which

C =
Imax − Imin

Imax + Imin

(2.13)

13
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is the contrast of the interference given by the maxima and minima of the measured

intensity of fringes, Imin and Imax, which are related to the middle intensity I0/2 by

I0 = Imax + Imin = 2(A2
1 + A2

2). (2.14)

Φ is the interference phase

Φ = (krxr − ksxs)− (ωr − ωs)t. (2.15)

The phase is in fact the most relevant quantity resulting from interferometry since

it holds all information about the sample beam in relation to the reference beam.

In the obvious situation for which both the reference beam and sample beam have

ks = kr = k and ωs = ωr = ω, the phase is simply given by Φ = k(xr−xs) = −kx and

is essentially informative of the optical path difference x which makes interferometry

so attractive in optical distance sensing.

In the case of a constantly moving target, Doppler shift corrections must be taken

into account. This often creates difficulties which are addressed in the following.

When the sample beam is reflected off a moving target, the optical path difference

x(t) becomes a function of time and it would be tempting to use simply the expression

derived above, namely Φ(t) = kx(t) in order to extract x(t) from the measured phase.

In the particular case of a constant velocity displacement of the target, the path

difference increases as x(t) = 2vt and, according to the expression of Φ above, the

phase would vary as Φ(t) = 2kvt. This is indeed the time dependency which is

actually measured and verified in the experiment and the discussion could stop here.

However, in displacement sensing the reference beam is Doppler shifted because the

target is moving at finite velocity and from this point of view corrections should be

in principle considered. For illustration, the case of a constant velocity displacement

v of the target is considered, where the sample beam coming back to the detector is

red shifted (or blue shifted) such that [13]

ks = (1− 2v/c)kr and ωs = (1− 2v/c)ωr. (2.16)

At the location xd of the detector both the reference and sample beam are beating

with a phase

Φ = kx+ 2kvt− 2k(xd + x)(v/c), (2.17)

where the relations x = xr − xs and ω/c = k were used. At this point one would be

tempted to replace x with the time varying expression x(t) = 2vt. It will be shown in

14
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the following that this is strictly not allowed. If one would continue nevertheless, one

would get from the equation above the time dependency Φ(t) = 4kvt−2k(xd+vt)v/c.

This expression is in stark contradiction with the experimental observation which

shows in fact that the phase varies as 2kvt.[18] In summary, ignoring the Doppler

shift corrections would lead to the correct expression for the temporal behavior of the

phase. Instead, including the Doppler corrections in the way shown above leads to

an absurdly incorrect description of reality.

The mistake is based on a misuse of equation 2.17 above at the very moment is was

attempted to introduce a time dependency to the path difference x. The expression

of the plane wave field in equation 2.10 is only a solution of the Maxwell equations if

there is a strict separation between the temporal and spatial components x and t, so

the path difference cannot be made to be a function of time in this formalism. This

becomes clear when considering that both plane waves Er and Es are solutions of the

wave equation

∇2ψ − n2

c20

∂2ψ

∂t2
= 0, (2.18)

which is derived from the Maxwell equations. The solutions of the wave equation are

of the form f(ξ) = f(x− ct). When replacing x by x(t), f is no longer a solution of

the wave equation. This can be easily seen when building the partial derivations of

f according to

∂2f

∂x2
= ∂2ξf and

∂2 f

∂t2
= c2∂2ξ f (2.19)

and inputting them into the wave equation 2.18, resulting in

∂2f(x− ct)

∂t2
− 1

c2
∂2f(x− ct)

∂t2
=

= ∂2ξf(x− ct)− 1

c2
c2∂2ξf(x− ct) = 0.

(2.20)

Replacing x by x(t) obviously does not fulfill this equation. Plane waves of the form

E(x(t), t) consequently are not solutions of the wave equation, meaning that the

assumption x = x(t) was inadmissible. However, equation 2.17 for the phase, derived

in the limit of targets moving at constant velocity, is in fact correct when considering

that the value of the path difference x is frozen at the moment of the target movement.

The time dependency seen in the phase is solely due to the Doppler shift which results

in a heterodyne beating between the reference and sample beam with a temporally
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periodic frequency of 2kv, exactly as measured. Equation 2.17 is to be used with the

value of x being frozen. It is interesting to note that there is a Doppler correction to be

made in the form of a time independent, constant phase shift and that this correction,

which is in v/c, depends on the location of the detector xd. Interferometers with very

long distances to the detector introduce a constant shift in the phase during uniform

motion of the target. Here, for illustration, the phase shift is 2π when the target

displaces at 1 m/s and the optical path distance to the detector is 232 m at telecom

wavelength (this is about 150 m of fiber length). An error of a full period can be

obtained under such condition compared to a measurement performed at much lower

velocity.

2.3 Fiber optics

In a classical approach, the guidance of light in an optical fiber is achieved by total

reflection of the light at the boundary between the fiber core and cladding, which

differ in their refractive index.[19, 20] Figure 2.2 shows a light ray passing from the

nair

nclad

ncoreΘair

Θcore,i

nclad

Θcore,r

Θclad,t

π/2-Θcore,i

Figure 2.2: Light guidance through an optical fiber consisting of the fiber core with a refrac-
tive index ncore and the cladding with the refractive index nclad, where ncore > nclad.

fiber core with the refractive index ncore at the incidence angle Θcore,i to the cladding

with the refractive index nclad at the transmission angle Θclad,t, where ncore > nclad.

According to Snell’s law,

nclad sinΘclad,t = ncore sinΘcore,i. (2.21)

When increasing the angle Θcore,r, the transmitted light reaches an angle of Θclad,t =

90◦ and sinΘclad,t = 1. This angle is referred to as critical angle Θc, given by

sinΘc = nclad/ncore. (2.22)
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In case of an optical single mode fiber (SMF-28), Θc = arcsin (nclad/ncore) = 85.1◦,

where ncore = 1.4682 and nclad = 1.4629. Above this angle, the light is totally

reflected at the reflection angle Θcore,r = Θcore,i. Light rays entering the fiber from

the surrounding ambient air with refractive index nair at the angle of incidence Θair

are refracted according to to Snell’s law,

nair sinΘair = ncore sin (π/2−Θcore,i)

= ncore cos (Θcore,i) (2.23)

Guidance of the light requires that Θcore,i > Θc or

sinΘcore,i >
nclad

ncore

cosΘcore,i <

√

1−
(
nclad

ncore

)2

. (2.24)

Substituting the light guidance criterion of equation 2.24 into equation 2.23 yields an

expression for the acceptance angle Θair,

sinΘair <
1

nair

√

n2
core − n2

clad (2.25)

Equation 2.25 defines an angular range in which the fiber can accept or emit light

and is therefore equal to the numerical aperture (NA) of the fiber, which is defined

by

NA =
√

n2
core − n2

clad, (2.26)

where nair is assumed to be 1.

2.4 Quadrature detection

Fabry-Pérot interferometers are usually used to measure small displacements in the

nanometer range and are employed, for example, in atomic force microscopes.[21]

Information of the position is then obtained by calibrating the detector signal around

the maximum slope of the interference pattern.[22] However, this is only possible for

displacements not exceeding the range between two interference extrema, ∆x < λ/4p,

where p denotes the folding order of the cavity. For larger displacements, the amount

of displacement and its direction can no longer be determined unambiguously. To

overcome this limitation, there are several quadrature detection methods capable of
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recovering the phase change ∆Φ with constant sensitivity. Quadrature detection, in

general, requires two sinusoidal signals which are phase shifted by 90◦ in order to

produce a circular Lissajous figure. The angle of each point in the Lissajous figure

represents the phase angle Φ modulo 2π. In this work, the 90◦ phase shift is produced

by locally deriving the original interference signal. This is experimentally achieved by

applying a small modulation with the modulation frequency Ω = 2πf to either the

target position, denoted as modulated position δx, or the laser wavelength, denoted

as modulated wavelength δλ = −δkλ2/2π. Both effects result in a local variation of

the interference intensity according to

δI = −I0Cpn sin (Φ)(kδx+ xδk), (2.27)

where k = 2π/λ is the wave number of the laser light and Φ = 2kpnx is the interfer-

ence phase already considering the refractive index n. This leads to a superposition

of the interference signal with the modulation according to

I(Φ, t) =
I0
2
+
I0
2
C cos (Φ + δΦ sinΩt), (2.28)

where δΦ is the modulation depth. This is illustrated in figure 2.3. It shows the

superimposed interference detector signal as a function of the target displacement.

In this example, the laser wavelength was modulated with the frequency f = 75 kHz.

This can bee seen in the magnification of the signal around its maximum slope, where

the sensitivity of the interference signal to changes of the wavelength is highest. The

inset shows the intensity modulation as a function of time. The maximum intensity

modulation δI occurs on the slopes of the interference pattern, whereas the effect of

modulation suppressed on the maxima and minima of the interference signal. In case

of wavelength modulation, the modulation depth is defined by

δΦ = −4pπnx

λ2
δλ (2.29)

and is consequently proportional to the working distance. In order to realize dynamic

travel ranges in excess of 1 m, this means that the modulation amplitude needs to

be adjusted dynamically by scaling it linearly with the target distance. The superim-

posed signal can be used to deduce two 90◦ phase shifted signals IDC and IΩ, which

are exemplary shown in figure 2.4 (a) and (b), respectively, as a function of the target

displacement ∆x. These signals are generated by splitting the superimposed signal in

two signal paths. The first path low-pass filters the raw signal in order to remove the
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I (µW) 01050105I (µW) Time (µs)1/fδI0 50 100 f = 75 kHz150 200λ/4p

Figure 2.3: Illustration of the effect of wavelength modulation. Top: Interference intensity
signal I and superimposed wavelength modulation signal δI as a function of the displace-
ment. The distance between minimum an maximum corresponds to λ/4p, where λ is the
laser wavelength and p is the folding order of the cavity. Bottom: Intensity modulation as
a function of time. The wavelength is modulated according to λ(t) = λ + δλ sinΩt, where
Ω = 2πft. The maximum intensity modulation occurs on the slopes of the interference
pattern, whereas the effect of modulation suppressed on the maxima and minima of the
interference signal.

high frequency carrier frequency, resulting in the direct signal IDC. The second path

uses a lock-in amplifier to detect the amplitude of the carrier frequency, resulting in

the demodulated signal IΩ. At those points where the direct signal has blind spots,

i.e. where the sensitivity of the signal to displacements of the target is zero, the

demodulated signal has its maximum sensitivity. This allows reproducing the phase

angle with constant sensitivity.

2.4.1 Principles of Lock-in Detection

The demodulated signal IΩ is recovered from the detector signal by means of a lock-in

amplifier demodulating at the frequency Ω.[23, 24] The function of a lock-in amplifier

can be described by a multiplication of a test signal UT with a known reference signal

UR, followed by a low-pass filtering and an integration over a specified time. The test
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I
Ω
 (µW)I DC (µW) 01051-100 500 1000 1500

Δx (nm)(a)(b)
Figure 2.4: Low-pass Filtered reflected light intensity IDC (a) and demodulated amplitude
IΩ (b) as a function of target displacement ∆x. The maximum position sensitivity of the
interference signal appears on the slopes of the interference, leading to a maximum demod-
ulation amplitude δI in case of wavelength modulation. On the extrema of the interference
signal, the effect of intensity modulation disappears and δI becomes zero.

and reference signals are represented by

UT = UT cos (Ωt+ φT) (2.30)

UR = UR cos (Ωt+ φR) , (2.31)

where φT is the phase shift of the test signal and φR is the phase shift of the reference

oscillator with respect to the original oscillator phase. A phase shifts might originate

from the response times of detector, laser and electronics, from the signal path length

between modulator and laser and between detector and demodulator, and from the

path different in the Fabry-Pérot cavity. The voltage UR is coupled to the laser current

source, resulting in a wavelength modulation of the laser output. The same voltage

UR is also used as a reference for the demodulation process in the lock-in amplifier.

Multiplication of both terms UR and UT yields the mixed signal

UM =
1

2
URUT {cos (φT − φR) + cos (2Ωt+ φT + φR)} . (2.32)

The mixed signal is then low-pass filtered in order to remove the 2Ω component,

resulting in the output signal

Uout,X =
1

2
URUT cos (φT − φR) (2.33)
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The low-pass filtering must be realized in such a way that also high target velocities

can be tracked. For example, a displacement velocity of v = 2 m/s would cause an

oscillation of the interference pattern with a frequency of f = v/x = 2.6 MHz. The

demodulation process can also be described by the integral

δI =
1

T

∫ T

0

sin (Ωt+ δφ)UT. (2.34)

The whole process described above only recovers the component which is in phase

with the modulator and is therefore also referred to as phase-sensitive detection. As

a consequence, a test signal that has a phase shift of 90◦ with respect to the reference

signal wouldn’t produce any output. For this reason, the lock-in amplifiers in this

work are using two digital phase-sensitive detectors (PSD) in order to recover also the

current phase value of the PSD. The phase value is used in the initialization process

of the interferometer for zeroing the phase of one PSD. In this way, the output of

this PSD is maximized and directly provides the demodulation signal. The second

PSD uses a reference which is 90◦ phase shifted with respect to the first detector. It

produces the output

Uout,Y =
1

2
URUT sin (φT − φR). (2.35)

Division of both PDSs by the reference oscillator voltage and multiplication by
√
8

yields the output of the lock-in amplifier in Vrms

X =
√
2UT cos (φPSD) (2.36)

Y =
√
2UT sin (φPSD), (2.37)

where φPSD is the phase difference φT−φR. Note that this principle only works if the

test signal has no offset. For this reason, the test signal first has to pass a high-pass

filter.

2.4.2 Demodulation schemes

The detector signal is a superposition of signals which can be distinguished by their

modulation frequency. These signals are given by

I(Φ) = IDC(Φ) + IΩ(Φ) + I2Ω(Φ) + ... (2.38)
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Decomposition of equation 2.28 in terms of Bessel functions Jν(δΦ) reveals the mod-

ulation amplitudes at different harmonics of the modulation frequency.[25] The first

three terms are

IDC =
I0
2
+
I0
2
CJ0(δΦ) cos (Φ) (2.39)

IΩ = −I0CJ1(δΦ) sin (Ωt) sin (Φ) (2.40)

I2Ω = I0CJ2(δΦ) cos (2Ωt) cos (Φ). (2.41)

Figure 2.5 shows the first three Bessel functions Jν(δΦ) as a function of the modu-

lation depth δΦ. Lock-in demodulation of the interference signal at the frequency Ω0 0.5 1 1.5 2 2.5 3 3.5 4-0.4-0.200.20.40.60.81 J0J1J2
δΦ (2Π)J ν(δΦ)

Figure 2.5: First three Bessel functions Jν(δΦ) as a function of the modulation depth δΦ.
J1 and J2 intersect at δΦ = 2.6 rad.

yields the time-independent signal IΩ,rms = −I0CJ1(δΦ) sin (Φ)/
√
2, which is propor-

tional to the derivative of the fundamental interference signal IDC. In the same way,

the derivative of IΩ,rms is gained through lock-in demodulation of the interference

signal at the frequency 2Ω, yielding I2Ω,rms = I0CJ2(δΦ) cos (Φ)/
√
2.

The 90◦ phase shift between the signals IDC and IΩ,rms (DC/Ω quadrature scheme)

and the signals IΩ,rms and I2Ω,rms (Ω/2Ω quadrature scheme) allows recovering the frac-

tional part of the interference phase Φ in two different ways.[3, 26] In both methods, a

Lissajous figure is formed by two normalized 90◦ phase shifted sinusoidal signals. The

angle in the Lissajous figure representation directly defines the fractional part of the
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interference phase Φ. In both methods, the phase angle Φ is recovered by calculating

the arc tangent between the normalized signals according to

ΦΩ,2Ω = arctan

(

− IΩ,rms

I2Ω,rms

· J2(δΦ)
J1(δΦ)

)

(2.42)

ΦDC,Ω = arctan

(

IΩ,rms

IDC − I0
2

·
I0
2
CJ0(δΦ)

J1(δΦ)

)

(2.43)

The position difference ∆x between two stationary positions x1 and x2 in a vacuum

is then recovered using the phase difference ∆Φ and the relation

∆x =
λ

4pπ
∆Φ. (2.44)

The measurement range achievable with both demodulation schemes is limited to

small and large cavity lengths when using a constant modulation depth. At small

lengths, the range is limited by the demodulator’s ability to resolve small modula-

tion amplitudes. For large distances, the modulation amplitude can go to zero as

a consequence of the increasing modulation depth (cf. zero point of equation 2.40).

Technically, the measurement range can be increased by a dynamic adaptation of the

modulation amplitude. This means, according to equation 2.29, that the modula-

tion amplitude must be decreased linearly with increasing cavity length in order to

maintain a constant modulation depth. This can be realized, for example, by an open-

loop controller using the absolute distance information gained from an independent

measurement in order to act on the laser modulation current.

2.4.3 Corrections for long cavities

Extending the measurement range of the interferometer beyond 1 m is associated with

several electronic adaptions which have to be considered. It concerns the demodula-

tor phase, the modulation frequency and the modulation amplitude respectively the

modulation depth. This section provides some background concerning these adap-

tions.

2.4.3.1 Phase delay

The cavity length induces a phase delay between the reference oscillator and the re-

flected wavelength modulated wave. For a phase delay of 90◦, the demodulated signal
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becomes zero. Assuming a modulation frequency of fmod = 12.5 MHz, corresponding

to a periodic time of T = 1/f = 80 ns, the 90◦ phase delay is reached after 20 ns.

The wave travels with a speed of c/n ≈ 3 · 108 m/s through the cavity and covers

during the time of 20 ns a cavity length of x = ct/2n = 3 m. It is for this reason

that the phase delay has to be adjusted dynamically when measuring over a range

of more than 3 m. In practice, this can be realized by shifting the phase according

to the current displacement by means of an open-loop control algorithm acting on

the demodulator phase, which is implemented in the processor electronics allowing

for real-time operation. The phase is zeroed upon initialization so that oscillator and

reflected wave are in phase.

2.4.3.2 Interference of the wavelength modulation frequency

When tracking the position of a target which is displaced by several meters, it

can be observed that the demodulation signal goes against zero at around 7 m

(fmod = 12.5 MHz), even if the of wavelength modulation amplitude and the de-

modulator phase is dynamically adapted. In order to understand this phenomenon,

the equations for the interference signal have to be extended by the sinusoidal chirp

(or frequency modulation) of the laser frequency. An optical field E(x, t), which is

weakly wavelength modulated by an amount Ω = c · δk = 2πfmod, can be expressed

by the fundamental wave field with the photon frequency ω and two sidebands with

the photon frequencies[27]

ω± = ω ± Ω (2.45)

The chirp frequency Ω is much lower than the photon frequency ω, Ω << ω, and

much higher than the laser line width, Ω >> laserlinewidth. In an interferometric

measurement a probe field is made to interfere with a reference field. The half path

difference between both fields is denoted by x. The probe field is delayed with respect

to the reference field, adding a phase for the carrier wave and for the two side bands.

Here, the wave vectors k± of the two side bands and of the carrier k are given by

k± = ω±/c and k = ω/c (2.46)

and the differential wave vector δk is given by

δk = k+ − k = k − k− = Ω/c. (2.47)
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In this way, the laser field can be decomposed into Fourier components according to

Eλmod(x, t) = E0(x, t) + E+(x, t) + E−(x, t), (2.48)

where

E0(x, t) = Aei(2kx−ωt) (2.49)

and

E±(x, t) =Mei(2k
±x−ω±t). (2.50)

Assuming that half of the laser field is used as probe field (sample beam), the probe

field becomes

Eprobe(x, t) =
1

2

{

Aei(2kx−ωt) +Mei(2k
+x−ω+t) −Mei(2k

−x−ω−t)
}

. (2.51)

The field Eprobe(x, t) is made to interfere with the reference field

Eref(x, t) =
1

2

{

Ae(−iωt) +Me(−iω+t) −Me(−iω−t)
}

. (2.52)

At the detector, a power intensity proportional to the square modulus of the sum of

both fields

I = (Eprobe + Eref) · (Eprobe + Eref)
∗ (2.53)

is detected. Expanding this product produces terms that are proportional to M ,

M2 and terms that do not depend on M . The terms independent of M yield the

interference pattern in absence of modulation,

IDC ∝ 1

2
{1 + cos (2kx)} . (2.54)

After some lengthy calculations, the optical signal proportional to M/4 yields a pe-

riodic function of Ωt,

IΩ = −M sin (2kx) {sin (Ω · t)− sin (Ωt− 2δkx)} . (2.55)

Further separation of both terms in sin (Ωt) and cos (Ωt) yields

IΩ = −M sin (2kx) {sin (2δkx) cos (Ω · t) + [1− cos (2δkx)] sin (Ω · t)} , (2.56)

or equivalently

IΩ = −M sin (2kx) {sin (2Ωx/c) cos (Ω · t) + [1− cos (2Ωx/c)] sin (Ω · t)} . (2.57)
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Equation 2.56 shows that the interferogram is strictly a function of sin (2kx) and, thus,

in quadrature with the DC signal of equation 2.54. This feature is fundamental to

the quadrature detection scheme used for position tracking. Equation 2.56 is further

a function of Ωt which allows for demodulation.

For small values of δkx (δkx << 1), equation 2.56 develops into

IΩ = −M sin (2kx) cos (Ωt), (2.58)

which is the form that was used so far for short enough cavities or slow enough mod-

ulation frequencies (cf. equation 2.40). For larger cavities, when the path difference

becomes 2δkx = 2πN , where N is a positive integer, or equivalently for the condi-

tion x = πcN/Ω, the demodulation signal becomes zero. In case of modulating at

Ω = 2πfmod= 2π · 12.5 MHz, the point of zero demodulation signal is at x = 12 m,

which constitutes a fundamental limit for the possible measurement range. Increas-

ing the measurement range is only possible at the expense of measurement speed by

decreasing the modulation frequency. For example, wavelength modulation at 3 MHz

would result in a maximum measurement range of 48 m.

2.4.3.3 Modulation depth

As already mentioned, longer measurement ranges require a dynamic adaptation of

the modulation amplitude in order to prevent excess modulation. Theoretically, this

means that the modulation amplitude must be decreased linearly with increasing

cavity length. However, the experiment shows that things are more complex. In order

to maintain a constant modulation depth, the modulation amplitude as a function of

the target distance equals an exponential decay rather than a linear decay. After a

few meters, the modulation amplitude goes, contrary to what is expected by theory,

through a minimum and even starts raising again. The reason for this behavior lies in

the interference of the field generated by the wavelength modulation frequency with

itself, causing a reduction of the modulation depth for increasing cavity length.

2.5 Reflectivity of the fiber-coupled

Fabry-Pérot cavity

So far, calculations only considered two beam interference, which is a valid assumption

for the Michelson interferometer. The interferometer presented in this work, however,
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is based on a Fabry-Pérot cavity which is formed between the cleaved, semitranspar-

ent end face of a single mode fiber and a movable target, as shown in figure 2.6. An

Δx

Laser D FC MovabletargetSMF Fiberend face
Figure 2.6: Schematic of the fiber coupled Fabry-Pérot interferometer. The laser light is
routed to the fiber end face by means of optical single mode fibers (SMF) and a fiber
coupler (FC). The Fabry-Pérot cavity is formed between the fiber end face and the target.
The interference created in the cavity is detected at the photo detector (D).

optical cavity is an resonator in which the light circulates between reflecting surfaces.

A Fabry-Pérot cavity or etalon is also an optical resonator which is set up between

two parallel reflecting mirrors, of which at least one is semi-transparent. The Fabry-

Pérot interferometer goes back to the year 1899, where of Charles Fabry and Alfred

Pérot published their work about the interference obtained from thin films.[28, 29]

Most applications involving Fabry-Pérot etalons rely on a high reflectivity of the mir-

rors and are widely used, for example, in telecommunications for laser wavelength

stabilization and wavelength filtering.

In this section, a model for the calculation of the interference signal created in a

Fabry-Pérot cavity will be deduced and used in a later chapter to calculate the angular

alignment tolerance and the position range of different kinds of sensor heads. The for-

mula will be used in this section to describe the dependence of the interference signal

on the target reflectivity and on the power coupling efficiency of the fiber. Further-

more, the nonlinearities which are characteristic for the Fabry-Pérot interferometer

will be described.

2.5.1 Calculation of the Fabry-Pérot formula

The model, which describes the reflectivity of the Fabry-Pérot interferometer, is based

on the Airy formula [30]. It takes into account different reflectivities of the cavity

surfaces as well as the fiber coupling efficiency η of the system, which denotes the

percentage of power transmitted from the cavity into the fiber with respect to the total

power emitted from the fiber.[31, 32] In this way, the interference created at the fiber

end face can be determined analytically. The cavity, which behaves like an optical
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resonator, is formed between the cleaved end face of an optical single mode fiber with

reflectivity R1 and a tiltable target with reflectivity R2, as shown schematically in

figure 2.7. The linear polarized laser light emitted from the laser is expressed by theFibercoreEr0=-E0r1eiωt E0t1eiωt E0t1t2ei(ωt-pkx)E0t1r2ei(ωt-2pkx)Er1=E0√ηt12r2ei(ωt-2pkx) MovablereflectorE0eiωt E0t1ei(ωt-pkx)E0t1r2ei(ωt-pkx)E0t1r1r2ei(ωt-2pkx) E0t1r1r2ei(ωt-3pkx)E0t1r1r22ei(ωt-3pkx)E0t1r1r22ei(ωt-4pkx)Er2=E0√ηt12r1r22ei(ωt-4pkx) E0t1r12r22ei(ωt-4pkx)Incident waveErN=E0√ηt12r1N-1r2Nei(ωt-2pNkx) t1-r1 -r1
Δx

-r2 t2t'1t'1=√ηt1Reference Fabry-Pérot cavity
x

Figure 2.7: Sketch of the Fabry-Pérot cavity illustrating the different electric fields E(x,t)
which occur at different interfaces. r1 and r2 denote the amplitude reflection coefficient
of the interface between the fiber and cavity and of the movable mirror, respectively. The
transmission from the cavity to the fiber is represented by the amplitude transmission co-
efficient t′1 =

√
ηt1, where η denotes the fiber coupling efficiency. x denotes the distance

between the fiber and mirror, k denotes the wave number of the light, ω denotes the angular
frequency of the light, and p denotes the folding order of the cavity.

electromagnetic wave E = E0e
iωt. It is routed to the fiber end face, where part of the

light is reflected by the interface between glass and air with the amplitude reflection

coefficient r1, thus forming the reference beam Er0. The wave traveling from the fiber

to the cavity experiences a phase shift of π upon reflection by the interface, indicated

by the negative sign of r1 in figure 2.7. The remaining part of the light exits the fiber

with the amplitude transmission coefficient t1 under a specific cone angle 2·Θair which

is defined by the numerical aperture of the fiber. In the cavity, the light can take

different paths depending on the used lenses and the target tilt. Along this path,

the light resonates between the Fabry-Pérot mirrors with the amplitude reflection

coefficients r1 and r2, given by r1r
∗

1 = R1 and r2r
∗

2 = R2. After each cycle (the

number of cycles is denoted as N), part of the light is transmitted into the fiber where

it interferes with the reference beam. The light is transmitted with the amplitude

transmission coefficient t′1 =
√
ηt1 and the phase shift ∆ϕ = δ = −2pkx = −2kl,

where l denotes the cavity length, x denotes the distance between the fiber and

mirror, and k denotes the wave number of the light. p denotes the folding order of
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the cavity, which indicates whether the beam passes the cavity only once (p = 1,

single pass) or twice (p = 2, double pass). Since the light transmission into the

fiber also depends on the angle of incidence, which can vary with the target tilt, the

model also has to consider the power-coupling efficiency of the fiber. When taking

the square root of η, the power-coupling efficiency can be applied to electromagnetic

fields using the relation t′1 =
√
ηt1. Summing over all portions which are coupled

back into the fiber yields an expression for the reflected electromagnetic wave Er.

The light reflected by the cavity is thus the superposition of the reference wave with

the sum of all waves which are coupled back into the fiber. The total electric field Er

is therefore

Er = E0r1e
iωteiπ + E0t1r2t

′

1e
iωte−i2kl + E0t1r2r1r2t

′

1e
iωte−i4kl + ... =

= −E0r1e
iωt + E0

√
ηt21e

iωt

s∑

N=1

rN−1
1 rN2 e

−i2pNkl =

= −E0r1e
iωt + E0

√
η
t21
r1
eiωt

s∑

N=1

rN1 r
N
2 e

−iNδ =

= E0e
iωt

(

√
η
t21
r1

s−1∑

n=0

(r1r2e
−iδ)n+1 − r1

)

= E0e
iωt

(

√
ηt21r2e

−iδ

s−1∑

n=0

(r1r2e
−iδ)n − r1

)

. (2.59)

The sum term can be rewritten by the geometric series

n∑

k=0

zk =
1− zn+1

1− z
. (2.60)

In the limit of n→ ∞ and if |z| < 1, the geometric series becomes

lim
n→∞

1− zn+1

1− z
=

1

1− z
. (2.61)

In this way, the reflected wave can be rewritten as

Er = E0e
iωt

(

r1 −
√
ηt21r2e

−iδ

1− r1r2e−iδ

)

=

= E0e
iωt

(
r1 − r2(r

2
1 +

√
ηt21)e

−iδ

1− r1r2e−iδ

)

=

= E0e
iωt

(
r1 − r2fe

−iδ

1− r1r2e−iδ

)

. (2.62)
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In the last set of equations, the concept of an effective reflection coefficient r2,eff =

fr2 = (r21 +
√
ηt21)r2 was introduced. The product Er · E∗

r finally is proportional to

the reflected intensity Ir, according to

Ir = ErE
∗

r =

= E2
0

(
r1 − r2fe

−iδ

1− r1r2e−iδ

)(
r1 − r2fe

iδ

1− r1r2eiδ

)

=

= E2
0

(
r21 + (fr2)

2 − 2r1fr2 cos δ

1 + (r1r2)2 − 2r1r2 cos δ

)

, (2.63)

where the identity eiδ + e−iδ = 2 cos δ was used. The intensity reflected by a Fabry-

Pérot cavity is consequently given by

IFP = I0
r21 + (fr2)

2 − 2r1fr2 cosΦ

1 + (r1r2)2 − 2r1r2 cosΦ
, (2.64)

where

f = r21 +
√
ηt21. (2.65)

and Φ is the interference phase. Equation 2.64 takes already into account the phase0 0.5 1 1.5 2R=0.2cos R=0.4
R=0.04Phase Φ (2π), Displacement Δx (λ/2p)Norm. Intensity

Δx

ΔI

Figure 2.8: Normalized interference signal for different values of the cavity finesse. In this
example, the Fabry-Pérot mirrors have equal reflectivities R1 = R2 = R. In the past, the
Fabry-Pérot interferometer was typically used in the linear range of the interference pattern,
where the intensity change ∆I is proportional to the displacement ∆x. A higher finesse leads
to a higher slope and consequently to a higher sensitivity, but affects negatively the linearity
when used with the quadrature detection scheme.

shift which occurs between reflections within the cavity. The amplitude transmission

coefficients t1 and t′1 for the waves traveling from the fiber to the cavity and vice

versa, respectively, are related to the reflectivity R1 and the transmissivity T1 of the
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glass/air interface by t1t∗1 = T1 = 1−R1.

The quality of the interferometric signal is quantified by the fringe contrast or

visibility C (cf. equation 2.13) and by the finesse of the cavity F . The finesse of the

cavity is given by [33]

F =
π
√
r1r2,eff

1− r1r2,eff
, (2.66)

where the concept of an effective reflection coefficient r2,eff , given by r2,eff = fr2, was

introduced. The cavity finesse can be seen as a measure for how close the interference

pattern is to a sinusoidal shape.

The quadrature detection scheme is based on a sinusoidal shape of the interference

pattern, which is ensured by a low-finesse of the sensing cavity. Deviations from the

sinusoidal shape would degrade the accuracy of the displacement measurement when

one of the quadrature schemes is applied. Figure 2.8 shows the normalized interference

signal for different values of the cavity finesse. The lower the reflectivity of the Fabry-

Pérot mirrors is, the more similar is the interference pattern to a sinusoidal shape.

This explains why it is an advantage in Fabry-Pérot displacement interferometry to

have a low reflectivity of the Fabry-Pérot mirrors rather than a high reflectivity known

from usual etalons, where a high reflectivity relates to a high quality of the etalon.

In this work, the low reflectivity of the fiber and the low effective reflectivity of the

movable mirror ensures a high displacement accuracy.

2.5.2 Interference intensities in relation to the reflectivity

Equation 2.64 shows that the interference contrast crucially depends on the reflec-

tivity of the movable target. This is demonstrated in figure 2.9, which shows the

constructive and destructive interference intensities (a) and corresponding interfer-

ence contrast (b) as a function of the target reflectivity R2, assuming η = 1. The

contrast is maximum if the target reflectivity R2 equals the reflectivity of the fiber

core R1 = 0.0359. For both higher and lower reflectivities, the contrast decreases as

a result of the unbalanced reflected light intensities. In case of higher reflectivities,

the contrast could be increased by reducing the coupling efficiency, since r2,eff also

depends on the coupling efficiency according to equation 2.64. In order to achieve a

higher interference contrast, high target reflectivities can generally be compensated

by reducing the coupling efficiency.
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Figure 2.9: Calculated constructive (upper curve) and destructive (lower curve) interference
intensities I (a) and corresponding contrast (b) as a function of the target reflectivity R2.
Maximum contrast is achieved for equal reflectivity of target and fiber core (here about 4%).
The 4% reflection from a flat polished fiber end is defined to create a 2.5 µW signal at the
detector. The interference pattern in between the constructive and destructive interference
are shown for illustration purposes only.

2.5.3 Interference intensities in relation to the coupling

efficiency

Equation 2.66 shows that the Finesse of the cavity not only depends on the reflec-

tivities of the Fabry-Pérot mirrors, but also on the coupling efficiency η. Figure 2.10

shows the constructive and destructive interference intensities (a) and corresponding

interference contrast (b) as a function of the coupling efficiency η, assuming R2 = 1.

Maximum contrast is achieved if η = 2.78%. The coupling efficiency can practically

be reduced by, e.g. increasing the target angular misalignment or by using a sensor

head configured to provide a convergent or divergent beam. In case of a focused

beam, the coupling efficiency can be reduced by defocusing of the target.
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10-1 100 101 102Contrast 00.20.40.60.81I(µW) 0204060
η (%)

Figure 2.10: Calculated constructive (upper curve) and destructive (lower curve) interference
intensities I (a) and corresponding contrast (b) as a function of the coupling efficiency η for
a target reflectivity R2 = 1. Maximum contrast is achieved for η = 2.78%. The interference
pattern in between the constructive and destructive interference are shown for illustration
purposes only.

2.5.4 Nonlinearities

Plotting the displacement values measured with one of the two quadrature schemes

against the real displacement results in a line which is superimposed by periodic

oscillations. These oscillations are due to deviations of the measured interference

phase from reality and arise from multiple reflections in the Fabry-Pérot cavity. This

is illustrated in figure 2.11 for both quadrature detection schemes. Figure 2.11 (a)

and (c) represent the calculated Lissajous figures of quadrature schemes 0/Ω and

Ω/2Ω, respectively. The calculations of the nonlinearities are based on equation 2.64

and its first and second numeric derivations, which reproduce the first and second

harmonic demodulation signals, respectively. All signals are normalized in such a

way that their maximum absolute values are 1. Figure 2.11 (b) and (d) represent

the deduced nonlinearities of quadrature schemes 0/Ω and Ω/2Ω, respectively. The

theoretical nonlinearities of the 0/Ω quadrature scheme are within ±4.9 nm and
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within ±17.0 nm in the Ω/2Ω quadrature scheme. In the calculations, a coupling

efficiency of η = 1 was assumed. When η decreases, e.g. when increasing the target

tilt angle, also the nonlinearities decrease.

ΦΩ,2Ω
∆x(λ/2p)-1 0 1-101 0 1 2 3Nonlinearities (nm) -20-1001020-1 0 1-101 0 1 2 3Nonlinearities (nm) -20-1001020

S
2Ω ΦDC,ΩS

DC
SQΩ ∆x(λ/2p)
SQΩ

(a)(c) (b)(d)
Figure 2.11: Calculation of the normalized Lissajous figure (left) and corresponding non-
linearities (right) for two quadrature detection schemes 0/Ω (top) and Ω/2Ω (bottom).
Quadrature scheme 0/Ω is based on the normalized direct signal SDC and the normalized
demodulated quadrature signal SQΩ. Quadrature scheme Ω/2Ωis based on the normalized
demodulated signal S2Ω and the normalized demodulated quadrature signal SQΩ.

As the nonlinearities are based on equation 2.64, their magnitude depends on the

target reflectivity and on the coupling efficiency. This is demonstrated in figure 2.12,

which shows the nonlinearities for a target reflectivity of 2%, 4%, 6%, 8% and 10%.

2.6 Summary

In this chapter, the theoretical principle of operation of the interferometer was de-

scribed. The theoretical considerations allow drawing several fundamental conclu-

sions. For instance, it was demonstrated that the phase shift measured with this type
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Figure 2.12: Periodic nonlinearities as a function of the displacement ∆x for different tar-
get reflectivites R. The magnitude of the nonlinearities increases with increasing target
reflectivity.

of interferometer is solely attributed to the Doppler effect.

This phase shift cab be measured using two different quadrature detection schemes,

which are based on the high frequency modulation of the laser wavelength. In the first

detection scheme, also referred to as 0/Ω quadrature scheme, the low-pass filtered sig-

nal and the 90◦ phase shifted signal gained through demodulation of the interference

signal at the frequency Ω form a Lissajous figure whose angle represents the inter-

ference phase. In the second detection scheme, also referred to as Ω/2Ω quadrature

scheme, the Lissajous figure is formed by the signals gained through demodulation

at the frequency Ω and 2Ω. The special 0/Ω quadrature detection schemes limit

the working range from few millimeters to several meters. The minimum working

distance, which is typically in the order of few millimeters, mainly depends on the

wavelength modulation depth, which is smaller the shorter the cavity is. At small

working distances, the maximum modulation depth is insufficient for lock-in demod-

ulation because the wavelength modulation cannot be increased indefinitely. The

maximum working distance depends on several parameters like wavelength modula-

tion depth, modulation frequency, and modulation phase. At long working distances,

the measurement range is theoretically only limited by the destructive interference of

the modulation frequency, provided that the modulation phase is updated dynami-
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cally and that the modulation depth is adapted dynamically in order to maintain a

constant modulation depth.

The calculations in this chapter further reveal the dependency of the reflected inter-

ference signal as a function of the target reflectivity and the power coupling efficiency.

Maximum contrast occurs for the same fiber core and target reflectivity, in accordance

with a target reflectivity of 3.6%. In case of a target reflectivity of 100%, maximum

contrast occurs at a power coupling efficiency of 2.8%.

Using a Fabry-Pérot interferometer instead of an ideal Michelson interferometer

leads to deterministic 2π periodic periodic phase nonlinearities with an amplitude

that depends on the cavity finesse and on the power coupling efficiency of the re-

flected light. These nonlinearities arise from multiple reflections within the cavity.

Both quadrature detection scheme have been investigated with respect to their non-

linearities. In case of a cavity with a target reflectivity of 3.6% (best signal contrast),

the maximum position deviation from linearity is ±4.9 nm in the 0/Ω quadrature

scheme and ±17.0 nm in the Ω/2Ω quadrature scheme.
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The field of application of today’s commercially available displacement tracking inter-

ferometers is restricted. On the one hand, their use is limited to ambient environments

mainly because of sensitive electronic parts in the sensor head. The size of these sen-

sor head, which can reach several centimeters in each dimension in case of a Michelson

interferometer, further limits their use to applications with suitable large space. This

restriction results mainly from bulky optical parts like beam splitters or wave plates.

On the other hand, the high costs prevent their use in higher volume projects, thus

restricting interferometry to mere calibration applications.

For these reasons, this work pursues a different approach, namely that of a fiber-

optic Fabry-Pérot interferometer operated in the telecom wavelength range. Com-

pared with the widely used interferometers on the market, this type of interferometer

has several advantages. The use of telecom wavelength parts makes the interferom-

eter cost-efficient and enables its miniaturization. In particular, the system is based

on a tunable distributed feedback laser which enables using a quadrature detection

scheme based on the wavelength modulation of the laser and the demodulation of

the modulated interference signal. The miniaturization of the interferometer and its

robustness profit from the use of this quadrature detection scheme, because the eval-

uation electronic can be completely separated from the sensing cavity. However, this

laser requires an external stabilization to a known wavelength reference in order to

achieve a stability which is comparable to that of widely used commercial gas lasers.

In this chapter the experimental interferometric measuring system will be described

and the performance will be demonstrated by means of different measurement setups.

In particular, it will be demonstrated that the interferometer system tracks velocities

up to 2 m/s with a measurement bandwidth (BW) of 10 MHz, and this even in the

harshest environments such as cryogenic temperatures. The interferometer achieves

a repeatability of 3σ = 0.45 nm, a digital resolution of 1 pm and an accuracy of up

to 1 nm and can track displacements over a range of 1 m. It is further well suited
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for multi-channel applications. The simultaneous measurement of up to 12 axes was

successfully demonstrated during this work. Apart from that, the performance of the

interferometer will be qualified for operation at ambient conditions. A weather sta-

tion is used in this case for the refractive index compensation. The key specifications

of the interferometer are summarized in figure 3.1.Repeatability Resolution Range BandwidthMulti-channelEnvironmentUHV,Ycryogenic,Yambient,YelectricYandYmagneticYfields,YionizingYradiationSensor headcompactnessAccuracy 10YMHz0.10.011Ypm 10010000.1Ynm 10 1000.1Ynm 10 100 1000Ymm101 Speed0.01 0.1 10Ym/sNO 1 3011011 100 1YES 1030.1Ycm3 1 10100
Figure 3.1: Specification map of the presented interferometer.

3.1 Sensor specification

The specification of sensors often leads to misunderstandings since some words are

assigned to different meanings. In order to generate a common understanding of the

words used in this work, this section provides a brief definition of the key parameters

in accordance with standards that have been defined in literature.[8, 34] Measurement

precision specifies how much the results of repeated measurements deviate under cer-

tain conditions. Precision specifies measurement repeatability, if it implies the same

measurement conditions, and reproducibility, if it implies different conditions. Po-

sition resolution refers to the smallest position change that can be detected by the

sensor and depends on the ability of the system to resolve changes of the interference

phase angle. In general, the resolution is better the smaller the measurement band-

width and the higher the measured frequency is. The sensor accuracy is the supreme

discipline of a position sensor and specifies the difference between actual (real) and
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measured value. The range of the sensor is the minimum and maximum position that

can be detected, whereas the dynamic range specifies the ratio between range and

resolution.[35] Beside these definitions, which are indispensable for the specification

of the interferometer, there are also some other words that are often used with regard

to interferometry. Sensitivity, for example, is no feature that is obvious from the

position output of the interferometer system. It rather describes the sensitivity of the

interference phase to changes of the position and depends on the used wavelength and

on the folding order of the beam path, i.e. the smaller the wavelength and the larger

the folding order of the measurement beam path, the higher is the interferometer

sensitivity to position changes. Together with the sensitivity, the phase resolution

determines the position resolution of our sensor.

3.2 Principle of operation

The interferometer setup is schematically shown in figure 3.2. The light from a

tunable distributed feedback (DFB) laser emitting in the telecom wavelength range

is routed to a first optical two-by-two directional fiber coupler (FC1, coupling ra-

tio 50:50) via an optical single mode fiber (SMF). An optical fiber-coupled isolator

(ISO) at the laser output is used to protect the laser from back reflections in the

fiber circuit. The DFB laser has an optical output power of about 10− 20 mW,

which is reduced to about 150 µW at the sensor head using a fiber-optic attenuator

(OA) connected to the laser output. The laser wavelength is modulated with the

frequency f = Ω/2π = 12.5 MHz. The first output of coupler (FC1) is connected to

a wavelength reference required for wavelength stabilization. The transmitted light

is detected by the photodetector D2. The second output is connected to a second

fiber coupler (FC2) which remotely connects the sensor head with the fiber circuit

of the interferometer system. In order to simultaneously track the displacement of

multiple axes, coupler FC1 can also be replaced by a 1×n fiber coupler, where n− 1

is the number of possible axes. The remote fiber ends up in a flat polished end (here

realized by a FC/PC connector) which reflects part of the incoming light (about 4%)

and, in this way, provides the reference beam of the interferometer. It follows that the

reference beam length is zero (xr = 0), a fact which makes the interferometer insensi-

tive to thermal drifts. The rest of the light exits the fiber with a certain cone angle.

Here, x denotes the distance between the fiber and mirror. After being reflected off
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Figure 3.2: Fiber-optic Fabry-Pérot interferometer setup demonstrating the operation using
two different quadrature detection schemes. The single mode fiber (SMF) circuit comprises
two photodetectors D1 and D2, a wavelength reference WR, an isolator ISO, an attenuator
OA, two directional fiber couplers FC1 and FC2, and a tunable distributed feedback (DFB)
laser. The components are interconnected by angled physical contact (APC) connectors
or by fusion splicing. The quadrature detection unit can be configured to use either the
output of a low-pass filter LPF and a demodulator DEMOD1 or to use the output of two
demodulators DEMOD1 and DEMOD2. The wavelength stabilization circuit comprises a
feedback loop PID, a wavelength control circuit λ Control, an oscillator providing the voltage
V cosωt , and a demodulator DEMOD3.

the target reflector, part of the light is coupled back into the fiber and recombines

with the reference beam. The other part of the light, which is not coupled into the

fiber, is reflected by the fiber end and travels through the cavity once again. In this

way, a Fabry-Pérot cavity with a length l is formed between the polished end of an

optical single mode fiber and the reflector. The reflected light finally produces an

interference pattern that is detected by the photodetector D1.
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In the setup of figure 3.2, the interference signal is detected at the detector D1 and

is then routed to the evaluation circuit, where one of the two quadrature detection

schemes is applied. The signal processing in the evaluation circuit is performed by

a FPGA (field-programmable gate array). Depending on the selected scheme, the

detector signal is either sent to a low-pass filter LPF and to a lock-in amplifier DE-

MOD1 demodulating at the frequency Ω (0/Ω quadrature scheme) or it is sent to two

lock-in amplifiers DEMOD1 and DEMOD2, demodulating at the frequencies Ω and

2Ω, respectively (Ω/2Ω quadrature scheme). The wavelength modulation δλ results

from a superposition of the constant laser current with a small current modulation.

The current is modulated by means of an oscillator providing a voltage V cos(Ωt).

The two quadrature detection schemes are compared in figure 3.3, where the upper

I Ω
,rms (V rms)

I Ω
,rms (V rms)

I 2Ω,rms (V rms) I DC (V)
IΩ,rms (norm.)I 2Ω,rms (norm.) IΩ,rms (norm.)I DC (norm.)

∆x(λ/2p)∆x(λ/2p)0 2 4 600.511.5 -0.100.1 -1 0 1-1010 2 4 6-0.1-0.0500.050.1 -0.4-0.200.20.4 -1 0 1-101(a)                                                                               (b)(c)                                                                               (d) 
Figure 3.3: Comparison of two quadrature detection schemes applied to a low-finesse Fabry-
Pérot interferometer. The first scheme (top) uses the filtered detector signal IDC and the
signal IΩ, gained through demodulation at the frequency Ω, whereas the second scheme
(bottom) uses the signals IΩ and I2Ω, gained through demodulation at the frequencies Ω
and 2Ω, respectively. (a) and (c) show the raw quadrature signals. (b) and (d) show the
corresponding Lissajous figure after normalization of the raw signals. The deviation from a
circle (gray line) results in periodic nonlinearities.

half refers to the 0/Ω quadrature scheme and the lower half refers to the Ω/2Ω quadra-
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ture scheme. The raw signals of both schemes are shown in figure 3.3 (a) and (c).

They were taken from a cavity with displacing target placed at a working distance

of WD = 20 mm. The working distance is measured from the end of the sensor head

to the target. In figure 3.3 (b) and (d), the raw signals are normalized and plotted

against each other. In this way, a Lissajous figure is created, whose angle yields the

interference phase Φ.

Fiber-optic Fabry-Pérot displacement interferometers are usually realized by a

plane target which is placed in close vicinity to the optical fiber. Best interference

signal contrast is achieved if the Fabry-Pérot mirrors have the same reflectivity, i.e.

when the power reflected by the fiber end face equals the power which is coupled

back from the cavity. Cavities suitable for high precision displacement tracking must

further have a low-finesse in order to achieve a constant sensitivity over the whole

measurement range. Normally, this kind of interferometer offers only a very short

measurement range in the nanometer range when operated in the linear range of the

interference pattern, where the detector signal increases linear with the position.[22]

Exceeding the linear range of the interference pattern requires the use of a quadra-

ture detection scheme. Since the interference intensity drops rapidly with increasing

reflector separation due to the beam divergence of the light emitted from the fiber,

the expansion of the measurement range beyond several microns can only be achieved

by shaping the beam by means of lenses. The suitable beam shape crucially depends

on the reflectivity of the target and on the measurement range. For long range mea-

surements up to several meters, the beam must be collimated and the back reflected

light must be reduced to about 4% of the incident power. This is achieved by using a

plane glass target or a corner cube retro reflector which is offset with respect to the

beam optical axis. The plane glass target requires a very precise alignment tolerance

of ±0.04deg, but allows the simultaneous measurement of multiple directions of mo-

tion of an object. In contrast, the corner cube provides an acceptance angle of several

degrees, but is limited to movements in only one-dimension. While a collimated beam

which reflects off a high reflective plane target would saturate the detector at normal

incidence, a convergent beam leads to good signal contrast if the target is defocused.

This is, however, at the expense of measurement range. In this way, the presented

interferometer can handle targets with various reflectivity and surface roughness. The

various sensor head configurations will be described in detail in chapter 4.

42



3.2. PRINCIPLE OF OPERATION

3.2.1 Fiber optics

The fiber-optic circuit consists of different components which affect the optical power.[36]

A simplified diagram of the fiber circuit is shown in figure 3.4. In the test setups used

in this work, the fiber coupled components are interconnected either by FC (ferrule

connector) connectors which are combined using mating sleeves or by fusion splic-

ing. In case of FC connectors, all fiber ends, except the fiber end which forms the

Fabry-Pérot cavity, have a 8◦ angled polish, also referred to as angled physical contact

(APC), in order to reduce the back reflected light intensity (return loss is typically

about 60 dB). The laser intensity launched into the circuit is designated I0. At first,

the light passes an optical isolator ISO in order to protect the laser from any reflec-

tions (isolation is typically > 60.5 dB). Then, in most cases, an attenuator OA is

required in order to reduce the optical power at the detector to 10 µW (the maxi-

mum detectable optical power of the detector circuit used in this work is limited to

10 µW). The power damping of the attenuator or of any other optical part is given

in dB according to

Attenuation(dB) = 10 log
Pout

Pin

, (3.1)

where Pin is the incident power and Pout is the output power. In the following, the

attenuation of OA is assumed to be 0 dB. The light is then input into port P1 of

the two-by-two directional fiber coupler and is split in two beams of equal intensity.

One part of the light reaches output port P4, which ideally should absorb the entire

incoming light. The other part of the light reaches output port P3 with an intensity

of I0/2 and is then routed to the cavity. At the polished fiber end, which is realized

by a physical contact (PC) finish, the intensity RI0/2 is reflected, where R is the

reflectivity of the fiber end. The intensity (1−R)I0/2 is transmitted into the cavity.

Maximum interference contrast is achieved when a total amount of RI0/2 is also

reflected by the cavity. Then, both parts recombine with a phase shift Φ and produce

the phase dependent interference intensity RI0 {1 + cosΦ}, which is again divided by

two in the fiber coupler. At the end, only a small fraction R {1 + cos (Φ)} I0/2 of

the original laser intensity reaches the detector. In case of constructive interference,

the detector power equals 4% or -14.0 dB of I0. An important parameter of the fiber

coupler is the crosstalk between two input ports of a directional coupler, also referred

to as directivity. It specifies the ratio between the power routed to the second input

port P2 and the power launched in P1, according to −10 log (P2/P1).
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I0
I0/2
RI0/2

RI0/2DirectivityP1SSSSSSSSSSSSSSSSSSSSSP3P2SSSSSSSSSSSSSSSSSSSSSP4RI0{1+cos(Φ)}
RI0/2{1+cos(Φ)} R

RReflectance1/21/21/21/2OAISOLaser SMFDetector
Figure 3.4: Fiber circuit diagram showing the intensities at different points of the circuit in
case of equal reflectivities R of the Fabry-Pérot mirrors. The light from the laser is routed
to the cavity via single mode fibers (SMF) and a fiber coupler and the reflected interference
pattern is detected at the detector. The attenuation of the attenuator (OA) and the isolator
(ISO) are not considered.

3.2.1.1 Laser

At the core of the system is a tunable distributed feedback (DFB) semiconductor

laser, as shown in figure 3.5.[37] A summary of typical DFB laser diode specifica-

tions suitable for use in the present interferometer are provided in table 3.1. The

laser is embedded in a standard 14-pin butterfly package with built-in thermoelectric

cooler. The DFB laser has a number of advantages over external cavity diode lasers

and over gas lasers like the helium-neon (HeNe) laser, which is often used for laser

interferometry.[38] Compared to gas lasers, the emission wavelength of the DFB laser

can be controlled by the laser current and temperature. This enables the use of a

quadrature detection scheme based on the modulation of the laser wavelength, which

simplifies the optical setup because the quadrature signal can be produced electroni-

cally. The large mode-hop free tuning range further allows the normalization of the

quadrature signals upon system initialization and enables performing absolute dis-

tance measurements. However, this kind of semiconductor laser requires an external

stabilization to a known wavelength reference in order to achieve a stability in the

order of δλ/λ = 10−8. The wavelength therefore has to match the spectral absorp-

tion range of the Acetylene 12 gas.[39] DFB lasers are available in all C-band ITU

grid wavelengths. Wavelengths in the S-Band are rather uncommon and therefore

more difficult to get. Best suited for wavelength stabilization is Acetylene 12 line P9

because of the high absorption depth. It has a wavelength of 1530.3711 nm, corre-

sponding to the ITU grid line with a wavelength of 1530.33 nm or a photon frequency
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Table 3.1: Summary of typical DFB laser diode specifications suitable for use in the present
interferometer.

Optical output power Popt 5..100 mW

Wavelength tunability ∂λ/∂T 0.12 nm/K

Wavelength tuning range ∆λ 5.6 nm

Current tunability ∂λ/∂I 8 pm/mA

Current tuning range ∆λ 0.03 nm(1)

Spectral linewidth (FWHM) ∆ν 1 MHz
1 Measured for a current change of 20 mA using a 40 mW laser diode driven with 175 mA.

of 195.90 THz.

Figure 3.5: Fiber-coupled DFB Laser in a butterfly package with built-in thermoelectric
cooler. The laser is thermally coupled to the ground plate for heat dissipation.

3.2.1.2 Detector

The detector consists of an InGaAs PIN photodiode and an amplifier circuit. Its

specifications are summarized in table 3.2.

3.2.1.3 Noise sources

The fiber circuit has a significant influence on the noise characteristics of the inter-

ferometer. The total noise can be subdivided into noise originating from parasitic

cavities and noise originating from the coupler directivity.

Parasitic cavities are formed between the interfaces of different fiber components

which are reflecting part of the incoming light. The ratio of the reflected light power
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Table 3.2: Summary of typical photodetector specifications suitable for use in the
interferometer.

InGaAs PIN photodiode

Cutoff frequency fc 2 GHz

Input power saturation Psat 10 mW

Bias voltage Ubias 10..15 V

Noise equivalent power NEP 3 · 10−15 W/
√
Hz

to the transmitted light power is designated as return loss. Parasitic cavities generate

an interference pattern which is superimposed on the measurement signal. In some

cases, the return loss can be further reduced by using an index matching material

(e.g. a gel).

The second noise source is caused by the directivity of fiber couplers. Ideally, all

of the light entering a directional coupler leaves it at the output ports. However,

in real couplers part of the light is routed into the opposite direction and leaves the

coupler at the second input port. This light interferes with the light reflected by the

test cavity and contributes to the total noise level. The directivity of fiber couplers is

typically specified greater than 65 dB. Its influence on the noise level can be roughly

estimated. Therefore, two plane waves Et and En are assumed.

Et(xt, t) = Ate
i(2kxt−ωt) (3.2)

En(xn, t) = Ane
i(2kxn−ωt). (3.3)

Et represents the reflected interference signal which was generated by a displacement

of the movable mirror. Its intensity is RI0/2(1 + cosΦ), which is RI0 at maximum.

En represents the signal that goes the direct way from the laser to the detector.

It is described by the directivity, which is assumed to be 65 dB in the following,

corresponding to a power ratio of Pout/Pin = 0.3 · 10−6. Superposition of both waves

yields the intensity as a function of the mirror position and time, according to

I(x, t) = |At exp(ikxt − iωt) + An exp(ikxn − iωt)|2 =
= |At|2
︸︷︷︸

signal

+|An|2 + 2|At||An| cos {kxt − kxn}
︸ ︷︷ ︸

noise

, (3.4)

where the first term represents the test signal produced by the displacing target and

the third term represents the parasitic noise signal, which depends on the phase shift
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between the two waves and on their polarization (not considered in this formula).

The signal-to-noise ratio is then given by

(
2|At||An| cosϕ

|At|2
)

max

=
2|An|
|At|

= 2

√

0.3 · 10−6 · I0
RI0

= 5.5 · 10−3. (3.5)

At maximum slope, the position equivalent noise amplitude according to equation

2.27 (Φ = π/4) is 0.7 nm for the unfolded cavity and 1.3 nm for the folded cavity.

This result shows that, even though the directivity is 65 dB, it produces a signal-to-

noise level in the order of 10−3.

The noise originating from the fiber circuit could in principle be reduced by rotat-

ing the polarization direction of the interference signal by 90◦. For this purpose, the

polarization rotator must be placed between the coupler and the cavity. Furthermore,

all fibers are ideally polarization-maintaining in order to minimize the polarization

rotation due to fiber birefringence. However, this would currently increase the price

of the fiber circuit by a factor of about two. The fiber circuit can be tested experimen-

tally with regard to parasitic cavities and coupler crosstalk by applying a wavelength

ramp to the light which is coupled into the circuit. This would create resonances in

the detector signal spectrum which scale with the cavity length.

3.2.2 Interferometer initialization

A proper initialization of the interferometer is essential for the correct operation.

Before system initialization, the user needs to align the interferometer axis in such a

way that the reflected beam is coupled back into the fiber and that the direction of the

target movement is parallel to the laser beam. Since the laser beam is invisible, the

interferometer system has a built-in red alignment laser which can help with the initial

alignment of the setup. After that, the red laser is switched off and a fine adjustment

of the setup is performed by means of optimizing the interference signal contrast. The

setup is aligned in such a way that the interference signal has a maximum contrast and

is constant over the entire measurement range. During this process, a low frequency

(< 1 Hz) wavelength sweep with an amplitude of about 1 nm is applied to the laser by

means of changing the laser temperature using the built-in Peltier cooler. This allows

generating an interference patter even under static conditions. The high frequency

wavelength modulation needs to be switched off during this process in order not to

change the amplitude of the interference signal. The same low frequency wavelength
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sweep is used in the first initialization step to determine normalization values for

the direct and demodulated signal, given by the maximum and minimum of both

quadrature signals. These values are used to normalize the Lissajous figure. The arc

tangent of both normalized signals finally yields the phase angle Φ. In the second

step, the modulation amplitude is adjusted by means of increasing it from zero until

a predefined demodulation value is reached. The low frequency wavelength sweep is

again used to make sure the demodulation signal passes through its maximum and

minimum value. In the last step, the wavelength is stabilized to a gas cell absorption

line. This process is described in the following section.

3.2.3 Wavelength stabilization

The whole interferometer system is made more cost-effective by using telecom wave-

length components operating in the short-wavelength infrared range. A central part

of these components is the laser, whose wavelength stability determines an upper limit

for the accuracy which can be achieved in a displacement measurement. Commercial

laser displacement interferometers based on gas lasers (typically helium-neon lasers)

usually achieve a long term laser stability of δλ/λ = 2 · 10−8. The laser used in this1516.35 1516.45 1516.5500.20.40.60.81 1516.35 1516.45 1516.55−20−1001020
λ (nm) λ (nm)Transmittance Τ SetpointR17 ∂Τ

/∂λ∙δλ(a) (b)
Figure 3.6: Laser wavelength stabilization. The laser wavelength is locked to the zero cross-
ing of the gas cell demodulation signal at a specific absorption line of a molecular gas cell.
(a) Transmittance T as a function of the wavelength λ around absorption line R(17) of
Acetylene 12. (b) Corresponding wavelength demodulated signal.

work is a semiconductor DFB laser diode. In such lasers, the wavelength is sensitive

to the laser temperature and current. This requires an external stabilization of the

wavelength to a known reference in order to achieve a wavelength stability in the order
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of δλ/λ = 10−8. In this work, this is realized by locking the laser wavelength actively

to a certain absorption line of a low-pressure Acetylene 12 molecular absorption gas

cell. These lines are known with an uncertainty down to δλ = 0.1 pm.[39] The gas is

inside a glass tube and has a pressure of 50 Torr (≈ 67 mbar). The tube has a length

of 55 mm. The temperature dependence of the absorption lines is < 0.01 pm/K.

In practice, the laser current and temperature of the DFB laser are controlled

by a wavelength control circuit (λ Control), which achieves a long-term frequency

stability of typically 100 MHz peak-to-peak (Toptica DL DFB), corresponding to

δλ/λ = 5 · 10−7. The laser temperature control can hold the laser wavelength within

a temperature control interval δT , but not within the required wavelength stability

and accuracy. In order to increase the stability, a feedback loop (PID) in the wave-

length stabilization circuit, shown in figure 3.2, locks the laser wavelength to the zero

crossing of the gas cell demodulation signal by controlling the more sensitive laser

current, which is the control variable in this process. The zero crossing of the de-

modulation signal has the same wavelength as the absorption minimum. In contrast

to the direct gas cell signal, the demodulation signal can serve as a process variable

in the feedback loop because of the nonzero slope around the absorption minimum.

The controller output is determined by a comparator which calculates the difference

between the demodulation signal and the setpoint zero. The demodulation signal

is provided by the lock-in amplifier DEMOD 3, which demodulates the signal from

detector D2 at the frequency Ω. Figure 3.6 (a) exemplary shows the low-pass filtered

absorption signal around absorption line R(17) of Acetylene 12. The corresponding

wavelength demodulated signal, which is gained through demodulation of the absorp-

tion signal, is shown in figure 3.6 (b). The width of this line, measured from minimum

to maximum, is typically around 7 pm. The wavelength information for this plot was

gained through interpolation of the wavelength between the known absorption lines

by means of the phase signal from a cavity with fixed length. With this stabilization

technique a wavelength stability in the order of δλ/λ = 5 · 10−8 is achieved.

In order to produce defined wavelength shifts, the laser wavelength λ can be

locked to different absorption lines of the molecular absorption gas cell. Figure 3.7

exemplary shows the wavelength sweep demodulation signal of an Acetylene 12 molec-

ular absorption gas cell when changing the laser temperature from T1 = 16.6◦C to

T2 = 30.3◦C, resulting in a wavelength shift from line P(17) (λ = 1535.3928 nm) to

P(19) (λ = 1536.7126 nm).

49



CHAPTER 3. MEASURING SYSTEM1535.0 1535.5 1536.0 1536.5 1537.0-15-10-5051015
U

(mV)
λ (nm)Δλλs λeP(17) P(19)T1 T2δT

Figure 3.7: Wavelength sweep demodulator voltage U as a function of the wavelength λ of
an Acetylene 12 molecular absorption gas cell. The laser temperature was increased from
T1 = 16.6◦C to T2 = 30.3◦C, corresponding to a wavelength shift of ∆λ = 1.3198 nm.

3.3 Real-time interfacing

A central point of the interferometer system is the real-time interface which is re-

sponsible for the transmission of the position data. Inside the FPGA, the target

position is measured with a bandwidth of 10 MHz (measurement bandwidth) and the

position is encoded as 48 bit long serial word with a resolution of 1 pm. Outputting

the position with full precision at maximum bandwidth would require an interface

operating with a clock rate of at least 10 MHz ·48 = 480 MHz. However, the real-time

interface provides a maximum output bit rate of only BitRate = 25 MHz (interface

bandwidth). This means that, in practice, a compromise needs to be found for each

application. For this reason, the real-time interface supports different serial and in-

cremental protocols. Each format has its has its advantages and disadvantages which

are described in the following sections. The latency between target movement and

data transmission in the interferometer system is typically in the order of 1 − 2 µs.

In this work, the data were recorded using a 25 MHz digital I/O board (National In-

struments PCIe-6536B) for continuously streaming data over the PCI Express bus of

a computer. A shielded connector block (National Instruments BNC-2110) simplifies

the connection of the digital signals.
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3.3.1 Serial interface (HSSL)

The HSSL (High Speed Serial Link) interface enables the transmission of digital words

(absolute displacement information) with user defined length and resolution using a

binary serial format which is provided with one of two different signaling standards

single-ended LVTTL or differential LVDS.[40] HSSL is a synchronous protocol with

two signal lines clock and data, whereby the data are synchronized with the rising

edge of the clock signal. Figure 3.8 shows an example for the HSSL signal. TheNorm. voltage clock channel Clockperiod TimeWord lengthGap TimeNorm. voltage data channel MSB LSB
Figure 3.8: Illustration of the HSSL digital serial interface signals. The position value is
encoded as a serial word with user adjustable LSB (least significant bit) and MSB (most
significant bit).

HSSL data format is 48 bit signed with a resolution of 1 pm, starting with the most

significant bit (MSB or high-order bit), i.e. the bit position which has the greatest

value. The LSB (least significant bit) is the bit position having the smallest value,

thus defining the units value respectively the position resolution of the transferred

word. The bit position number of the MSB and LSB is ranging from 0 to 47. Both

the MSB and the LSB position can be configured by the user in order to reduce the

word length and to increase the data rate. The position resolution is given by

Resolution = 2LSB · 1 pm. (3.6)

The maximum transferable position range is given by

Range = 2MSB+1 · 1 pm. (3.7)

The HSSL protocol is also defined by its bit rate, which can be adjusted as a multiple

of the interface clock period or bit transmission time Clock = 40 ns = 1/BitRate

by the user. Between two sets of position information, the clock signal is left out for

some user adjustable multiples of the bit transmission time (referred to as gap bits),
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thus allowing the synchronization of reader and sender within a continuous stream of

position information. Consequently, the final data rate or repetition rate is given by

DataRate = (MSB − LSB + 1 +GapBits) · BitRate. (3.8)

The advantage of this protocol is that positions can be transferred in absolute values,

thus promoting measurements requiring a large travel range and at the same time a

high resolution. The disadvantage is the relatively slow data rate which makes HSSL

unsuitable for measurements at higher frequencies.

3.3.2 Quadrature interface (A-quad-B)

The digital quadrature interface (A-quad-B) provides incremental position informa-

tion with user defined resolution and clock period. Both resolution and clock period

can be adjusted in multiples of 1 pm and 40 ns, respectively. Two digital two-level

channels A and B are used to encode the position information, thus allowing to

transmit both the target displacement and its direction. The amplitude levels are

either LVTTL (single-ended) or LVDS (differential). Plotting both channels A and B

against each other creates a square, as illustrated in figure 3.9. A change of position is

transformed into a stepping through the four possible states of the A and B quadra-

ture signals, represented by the edges of the square. In this picture, a signal change

of 90◦ represents, depending on the direction, a displacement of ±Resolution. The

A-quad-B protocol is best suited for measurements at high frequencies because the

data rate is directly given by the interface bandwidth. However, the transmittable

velocity is limited by

vmax = Resolution/Clock. (3.9)

Above this maximum velocity, the position data present in the FPGA require more

time to be transmitted, which can be interpreted as a low-pass filtering of the data.

The high data rate makes A-quad-B best suited for measurements at high frequency

but with small amplitude, as it is the case in vibration or run-out measurements.

However, great care has to be taken with the choice of the resolution. When it is too

low there might be a conflict with the maximum velocity, resulting in a distortion of

the transferred data.
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Figure 3.9: Illustration of the A-quad-B digital quadrature interface signals. Plotting both
Channel A and B against each other creates a square. A rotation of 90◦ in the square
corresponds to a position change in accordance with the value of one resolution.

3.3.3 Analog Sine/Cosine

A widely used signal standard for incremental position encoders is the analog Sine/Cosine

interface.[41] The sine and cosine signals are synthesized from the 48 bit digital word

information present in the FPGA. The implementation is very similar to the A-quad-

B interface, with the difference that the signal square is a circle with intermediate

points between the four states of the A-quad-B signal.

3.4 Measuring systems

During this work, different types of the interferometer have been developed and suc-

cessfully launched on the market.

3.4.1 attoFPSensor

The first commercial attocube Fabry-Pérot interferometer system was delivered in

the year 2010. It is a 19” rack system, as shown in figure 3.10, consisting of three dif-

ferent components, the laser controller, the evaluation electronic unit and the optical
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component carrier. The laser controller is a Toptica “SYST DL DFB BFY” including

a “DCB 110” analog interface board for laser temperature control by means of an

external voltage signal and a “DL-MOD/DFB” high frequency modulation printed

circuit board for laser wavelength modulation. The DL-MOD/DFB module is based

on a field-effect transistor (FET) enabling to modulate the laser current by means of

an external oscillator, resulting in a modulation of the wavelength. The FPGA based

evaluation electronic unit is an attocube “AMC500” (attocube metrology controller,

developed by n-Hands GmbH & CO. KG) which contains the lock-in amplifiers for de-

modulation of the interference signal, the wavelength stabilization PID controller, and

the position evaluation unit. The optical component carrier is an attocube “ACC200”

which contains all optical parts, including the DFB laser (Toptica “DL DFB BFY”

laser head), detectors, gas cell, isolator, fiber couplers, and attenuators. The AMC500

provides an oscillator voltage output for laser wavelength modulation, an analog volt-

age output for controlling the laser temperature and one voltage input for each detec-

tor signal. The integrated PID controller further provides an analog voltage output

for controlling the laser current and a voltage input for the gas cell detector signal.

The three components in the attoFPSensor are interconnected by means of BNC ca-

bles. The PID controller output and the temperature control output of the AMC500

are connected to the laser current control module and to the current control module of

the Toptica laser controller, respectively. The AMC500 oscillator output is connected

to the laser FET input of the Toptica laser head. The strength of the attoFPSen-

sor system lies, on the one hand, in the large number of parameters which can be

accessed and controlled by the user, and on the other hand in the versatility of the

optical components. Different configurations of the fiber circuit can be easily real-

ized through interconnection of fiber coupled components, whereby the use of optical

parts with FC/APC connectors enables interconnection with low back reflection. The

attoFPSensor is well suited to handle a large number of independent interferometer

axes and requires only one laser source. In this way, the operation of up to 12 axes

has been successfully demonstrated.

3.4.2 FPS3010

The second interferometer system, the FPS3010 (see figure 3.11), was launched in

November 2011. It combines all parts of the attoFPSensor in only one compact

housing with a size of 21.4 x 21.4 x 4.5 cm3 and enables the simultaneous detection
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Figure 3.10: attoFPSensor real time interferometric sensor, consisting of the laser controller
(Toptica SYST DL DFB BFY), the evaluation electronic unit (AMC500) and the optical
component carrier (ACC200).

of the displacement of up to three independent interferometer axes with a digital

resolution of 1 pm. Large effort has been put into improving the user-friendliness,

which was achieved by adding functionalities such as an automatic adjustment of the

demodulator phase, a continuous wavelength sweep during the alignment process of

the setup allowing to monitor the interference contrast, an automatic normalization

of the quadrature signals upon start-up, and an automatic wavelength stabilization

process. The FPS3010 is also the first attocube interferometer which was offered with

an environmental compensation unit (ECU) in order to compensate for the refractive

index of air. In 2012, the FPS3010 received the R&D100 Award 2012, celebrating the

top 100 technology products of the year.

Figure 3.11: FPS3010 real time interferometric sensor. The FPS3010 enables the simulta-
neous detection of position variations of three targets with picometer resolution up to a
working distance of 3 m.
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3.4.3 IDS3010

In November 2014, attocube launched the IDS3010, which is the first OEM (original

equipment manufacturer) interferometer on the market. The IDS3010 is an ultra-

compact three-axis fiber-based interferometer with a size of 5.0 x 5.5 x 19.5 cm3. It

can be used in complex machine tools or lithography systems to control the stage

position with nanometer accuracy and is meant for direct machine integration.[42]

The IDS3010 continues the improvement of the user-friendliness started with in the

Figure 3.12: Industrial Distance Sensor IDS3010 for OEM displacement sensing. It was
designed for direct machine integration.

FPS3010. It provides an open-loop control of the phase adjustment by means of the

current displacement. Furthermore, the IDS3010 was the first to include an absolute

distance functionality with an uncertainty of about ±10 µm. This absolute position

information is used for automatic open-loop control of the wavelength modulation

amplitude and as an input for the refractive index correction (see section 3.8). A

manual measurement of the target distance is therefore no longer necessary.
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3.5 System performance

In this section, the system performance is characterized with respect to its position

repeatability, resolution, sensitivity, and accuracy on the basis of measurements and

calculations. All of the following measurements have been performed using the DC/Ω

quadrature scheme. The resulting specifications are summarized in figure 3.1.

3.5.1 Stability

The repeatability of the interferometer is characterized by its long term stability. In

order not to falsify the measurement by thermal drifts originating from the cavity,

the cavity was cooled down to liquid helium temperature (4 K). Figure 3.13 shows theDisplacement (nm) Time (h) Counts x 10610 20 30 40 50 600 0  2   4  6   8  101050-5-10
Figure 3.13: Interferometer long-term stability and histogram plot measured with the
IDS3010 using an Invar (FeNi36) cavity which was cooled down to liquid helium temperature
(4 K). The data were recorded at a cavity length of 77 mm (single pass) and a bandwidth
of 100 Hz.

long term position stability of a cavity with a length of l = 77 mm over 60 hours and

the corresponding histogram plot indicating a Gaussian distribution of the position

noise with a standard deviation of 3σ = 0.45 nm. The signal stability corresponds to a

wavelength stability of ∆λ/λ = σ/l = 5.8 · 10−9 and complies with the stability of gas

lasers used in commercial displacement interferometers, which is typically in the order

of δλ/λ = 10−8. The data were taken with a bandwidth of 100 Hz and transmitted

with a clock time of 200 ns (5 MHz) via HSSL. The position noise mainly originates

from wavelength noise and spurious interferences within the fiber circuit.
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3.5.2 Phase dependency of the position noise

Other measurements of the stability with similar cavities, however, revealed signifi-

cantly different noise levels. The reason for these differences lies in a dependency of

the noise on the interference phase or on the actual position in the Lissajous figure.

This behavior is demonstrated in figure 3.14. The noise is maximum when the filtered

signal is maximum and minimum when the filtered signal is minimum. Additionally,

the noise is increased at phases corresponding to multiples of the π/4. At these points,

the total noise is the sum of the DC and Ω signal.Phase (2π)0 1 2 3 4−3−2−10123Noise (nm) BW = 100 Hz
Figure 3.14: Displacement noise measured with the attoFPSensor as a function of the inter-
ference phase. The data were taken at a working distance of 38 mm (72 mm cavity length)
using a drifting aluminum double pass cavity around room temperature.

3.5.3 Bandwidth dependence of the position noise

So far, the noise level has only been shown for a bandwidth of 100 Hz. Different

bandwidths and cavity lengths, however, lead to different noise levels. In order to

demonstrate the noise dependence from these parameters, the position noise standard

deviation (3σ) was determined at two different cavity lengths, WD = 20 mm and

WD = 50 mm, and at a bandwidth ranging from 10 Hz to 400 kHz. The results

in figure 3.15, measured with the FPS3010, show that the noise increases with the

square root of the measurement bandwidth, similar to the shot noise.[43] A second

conclusion that can be drawn is that the noise is larger for shorter cavities. This

comes from the smaller modulation depth at shorter cavity lengths, which increases

the noise of the demodulator.
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Figure 3.15: Standard deviation (3σ) of the position data measured with the FPS3010 as a
function of the measurement bandwidth for two different working distances WD.

3.5.4 Noise spectral density

The spectral resolution of the interferometer, which is often of interest when per-

forming vibration measurements, is gained by Fourier transformation of the position

signal. The position noise spectral density measured with the FPS3010 is shown in

figure 3.16, demonstrating a noise floor of about 6 pm/
√
Hz for a measurement taken

at at the full bandwidth of 10 MHz. In order to achieve the highest possible frequen-

cies, the data were transmitted via A-quad-B with a clock time of 200 ns (5 MHz)

and the four different resolutions 1 pm, 10 pm, 100 pm and 1000 pm. Interestingly,

the data start to roll-off from a certain frequency, which is higher the larger the res-

olution of the A-quad-B signal is. It is noteworthy that the product of the cut-off

frequency and the A-quad-B resolution is constant for one data set. The reason for

this roll-off lies in the noise floor which is also transferred into an output signal of the

A-quad-B interface and, in this way, increases the load of the interface. This load is

the higher the smaller the resolution of the A-quad-B interface is and is responsible

for the low-pass filtering of the position data.
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Frequency (Hz)Amplitude (m/√Hz) 102 103 104 105 10610−1810−1610−1410−1210−10 1 pm10 pm100 pm1000 pm
Figure 3.16: Noise spectral density measured with the FPS3010 and a cavity with a length
of about 60 mm. The data were transmitted via A-quad-B with a clock time of 200 ns
(5 MHz) and the four different resolutions 1 pm, 10 pm, 100 pm and 1000 pm.

3.5.5 Fiber circuit noise

As already mentioned, the noise partly arises from spurious interferences within the

fiber circuit, which correspond to parasitic cavities with a length that is typically much

longer than the cavity under test. It follows that, by reducing the coherence length

of the laser source, these spurious interferences could in principle be reduced. The

wavelength modulation inherent to the presented interferometer effectively broadens

the linewidth of the laser from about 1 MHz to 0.1 GHz, which reduces the coherence

length from about 300 m to 3 m. The coherence length is given by

lc =
c

δν
≈ λ2

δλ
, (3.10)

where δν is the laser frequency linewidth and δλ is the laser wavelength linewidth.[30]

In fact, figure 3.17 shows a reduction of the noise when the wavelength modulation is

turned on. It shows the laser noise change of the filtered detector signal around the

quadrature point when switching off and on the wavelength modulation.
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Figure 3.17: Influence of the wavelength modulation on the filtered interference signal noise
around the maximum slope. The modulation shortens the coherence length of the light and
thus reduces spurious interferences produced in the fiber circuit.

3.6 Nonlinearities

The accuracy of interferometric measurement techniques is mainly limited by peri-

odic nonlinearities, which means that the measured displacement differs periodically

from the real displacement. In the Michelson interferometer, these nonlinearities arise

mainly from polarization mixing in the homodyne case [44, 45] and from frequency

mixing in the heterodyne case.[46, 47] Polarization mixing results from imperfections

in polarizing beam splitters and wave plates, preventing a complete separation of

orthogonal polarization states. Frequency mixing results from a cross talk between

the frequencies of two linearly polarized beams.[48] The periodic phase nonlinearities

inherent to the presented interferometer can be subdivided into contributions arising

from multiple reflections in the Fabry-Pérot cavity, from a non-sinusoidal time mod-

ulation and from an incorrect normalization.

The first source of nonlinearities are periodic phase nonlinearities arising from mul-

tiple reflections in the Fabry-Pérot cavity. These intrinsic nonlinearities have a phase

periodicity of 2π and limit the accuracy of the displacement measurements to several

nanometers. They depend on the finesse of the cavity, on the fiber coupling effi-

ciency and also on the underlying quadrature scheme. The measured nonlinearities

for the two different quadrature schemes are shown in figure 3.18 and compared to

calculations. Figure 3.18 (a) depicts the Lissajous figure representation of the signals
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measured with the 0/Ω quadrature scheme and (b) shows the corresponding non-

linearities as a function of the relative displacement. Figure 3.18 (c) and (d) shows

the same signals for the Ω/2Ω quadrature scheme. Black and gray lines represent

measured and calculated values, respectively. The nonlinearities are extracted by

calculating the unwrapped phase angle in the normalized Lissajous figure according

to equation 2.43, followed by subtracting a monotonous fit function. The data show

a good agreement between measurement and calculation. The theoretical nonlinear-

ities of the 0/Ω quadrature scheme are within ±4.9 nm and within ±17.0 nm in the

Ω/2Ω quadrature scheme. The high reproducibility of the nonlinearities enables their

correction by means of a look-up table deposited in the position processor. In this

way, the accuracy of the interferometer can be enhanced up to 1 nm.

A second source of periodic phase nonlinearities is related to the transfer function

between the oscillator and demodulator. A nonlinear transfer function of the high

frequency laser modulation electronic circuit causes a non-sinusoidal time dependent

modulation of the laser wavelength and results in 2π-periodic phase nonlinearities.

A third source of periodic phase nonlinearities is related to the normalization of

the quadrature signals. The use of incorrect normalization values (maximum and

minimum of the quadrature signals) leads to a deviation of the Lissajous figure from

the unit circle and causes 2π-periodic phase nonlinearities.

3.7 Velocity and vibration tracking

In many applications, such as wafer alignment in semiconductor manufacturing, speed

plays a key role and often requires fast displacement tracking. The interferometer

achieves a large measurement speed by fast wavelength modulation with 12.5 MHz.

Dynamic measurements with the presented interferometer are limited to a maximum

target speed of vmax = 2 m/s. This is due to the maximum measurement bandwidth

of 10 MHz and the condition that unambiguous displacement determination is only

possible when the target is displaced by less than ∆Φ = π/2 within the time interval

∆t = 1/10 MHz. Figure 3.19 (a) and (b) show the displacement of a linear magnetic

drive with a peak velocity of 2 m/s and a stroke of 1 m.

The same rules for the velocity apply to vibrations of the target. Assuming a target

position oscillation of ∆x(t) = d · cos (ωt) with amplitude d and angular frequency

ω = 2πf , the maximum velocity is given by vmax = (∂x/∂t)max = d·ω. The maximum
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Nonlinearities (nm)Nonlinearities (nm) ∆x(λ/2p)
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Figure 3.18: Comparison of two quadrature detection schemes applied to a low-finesse Fabry-
Pérot interferometer. The first scheme (top) uses the filtered detector signal IDC and the
demodulated signal IΩ, whereas the second scheme (bottom) uses the signals IΩ and I2Ω,
gained through demodulation at the modulation frequencies Ω and 2Ω, respectively. (a)
and (c) show the normalized quadrature signals in the Lissajous figure representation. The
deviation from a circle (dashed line) results in periodic nonlinearities which are shown in
(c) and (d).

detectable vibration frequency is then given by ω = vmax/d. Figure 3.19 (c) and (d)

show the detection of high and low amplitude vibrations of a piezoelectric ceramic

oscillating with a frequency of 5 Hz. The displacement spectrum demonstrates the

ability of the interferometer to detect vibrations with picometer amplitude (d) and

vibrations with an amplitude that exceeds the linear range of the interference pattern

(c). The data were taken with a bandwidth of 1 kHz.
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Figure 3.19: Top: High speed position detection of a linear magnetic drive moving with a
stroke of 20 mm (a) and a maximum velocity of 1 m/s (b). Bottom: Detection of high (c)
and low (d) amplitude vibrations of a piezoelectric ceramic oscillating with a frequency of 5
Hz.

3.8 Ambient environment compensation

The greatest challenge of today’s interferometric position sensing is the operation at

ambient conditions. When performing accurate interferometric absolute or relative

position measurements at ambient conditions, the refractive index n of the medium

inside the cavity must be taken into account. Changes of the refractive index are

causing a phase shift ∆Φamb with respect to the vacuum level, according to

∆Φamb = Φair − Φvac =
4πpx

λ
(n− 1), (3.11)

where Φair is the phase measured in air and Φvac is the phase measured in a vacuum.

This phase change falsifies the measurement result and must be compensated in order

enable interferometry to compete with other position sensing techniques, such as

linear scale encoders. All relative and absolute position measurements consequently

rely on the accurate knowledge of the refractive index. In this context, the Fabry-

Pérot interferometer reveals a great advantage in comparison with the Michelson
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interferometer. In the Michelson interferometer, a change of the refractive index in

the reference arm affects the measurement accuracy. Because of its common path

structure, meaning that there is no reference beam, the Fabry-Pérot interferometer

is insensitive to those refractive index differences.[7]

In order to correct for dynamic fluctuations of the refractive index in the relative

displacement measurement described by equation 2.44, the time dependent refractive

index n2(t) has to be considered. The corrected displacement measured when moving

the target from position x1 to x2(t) is then given by

∆x(t) = x2(t)− x1

=
Φ2(t)

2pkn2(t)
− Φ1

2pkn1

=
Φ1 +∆Φ(t)

2pkn2(t)
− Φ1

2pkn1

= x1

(
n1

n2(t)
− 1

)

+
∆Φ(t)

2pkn2(t)
,

(3.12)

where Φ1 and n1 are the phase and the refractive index at the start position, and

Φ2 = Φ1 + ∆Φ(t) and n2 are the phase and the refractive index at the end posi-

tion. The equation shows that the environmental compensation requires the accurate

knowledge of the absolute cavity length x1. Yet again, the advantage of the diode

based interferometer becomes apparent. While in conventional gas laser based inter-

ferometers the distance needs to be determined by the user, the interferometer pre-

sented here enables an automatic absolute distance measurement based on a sweep

of the laser wavelength (see section 5.1.1.1). This improves both the user-friendliness

and the accuracy of the compensation. Particular attention must be paid in case

the cavity contains a lens for beam shaping. In this case, the lens thickness must be

subtracted from the cavity length.

Here, two special cases can be distinguished, constant cavity length and constant

refractive index.

1. In case that the refractive index does not change during operation, meaning that

n1 = n2(t) = n, the accurate measurement of the displacement does not require

the knowledge of the absolute distance. The displacement is consequently di-

rectly deduced from the phase change ∆Φ(t) according to

∆x(t) = x2(t)− x1 =
∆Φ(t)

2pkn
. (3.13)
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In some applications with constant temperature, pressure and humidity or for

short term measurements it might be sufficient to assume a constant refractive

index.

2. In case of a constant cavity length x, i.e. ∆x(t) = 0, the phase change ∆Φ

directly indicates the refractive index change due to a change of the air param-

eters.

n2(t) = n1

(

1 +
∆Φ

Φ1

)

∆n(t) = n2(t)− n1 = ∆Φ
λ

4pπx1

(3.14)

This direct relation between phase change and refractive index can be used

to specify the extend of refractive index correction achieved by the air com-

pensation unit. However, this requires the knowledge of the absolute distance

x.

This section considers two methods for the compensation of the refractive index. The

first one, referred to as weather station, is based on measuring temperature, pressure,

humidity and CO2 content of the air and on deriving the refractive index from a

dispersion formula. The second one measures directly the refractive index using an

interference refractometer.

3.8.1 Weather station

A so called weather station corrects for the refractive index by measuring the physical

parameters of the atmosphere. The relevant physical parameters are the temperature

T , pressure p, humidity h and CO2 content xc of the air. For operation, the weather

station must be brought in close vicinity to the measurement beam. The relative

measurement error generated by the refractive index is in general expressed by

δx =
x

n

(
∂n

∂T
δT +

∂n

∂p
δp+

∂n

∂h
δh+

∂n

∂xc
δxc

)

. (3.15)

In order to calculate the refractive index from these air parameters, Ciddor devel-

oped equations for the visible and near infrared spectral range,[49] which connect

the physical parameters of the air with the refractive index. The equations claim
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to provide an uncertainty of ±5 · 10−8.[50] In practice, the uncertainty is not bet-

ter than ±8 · 10−8.[51, 52] According to the Ciddor equation, the refractive index at

T = 20◦C, p = 1013 mbar, 50% relative humidity and a CO2 content of 400 ppm

is n = 1.000268091 (λ = 1530 nm). The dependence of the refractive index from

temperature, pressure, wavelength, humidity and CO2 content around these precon-

ditions is analyzed using the Ciddor equation and summarized in table 3.3.

0 5 10 15 20 25 302.22.42.62.833.2 xi104
Temperaturei(°C)Refractivityi(n−1)⋅108 λi=i1530inm,ihi=i0.5,ixci=i400

pi=i900imbarpi=i1100imbar
pi=i1000imbar

Figure 3.20: Refractivity of air as a function of the temperature T at different pressures
p. The data were calculated using the Ciddor equation evaluated for a wavelength of λ =
1530 nm, a humidity of h = 50%, and a CO2 content of xc = 400 ppm.

Temperature T dn/dT (K−1) −9.32 · 10−7

Pressure p dn/dp (mbar−1) 2.70 · 10−7

Humidity h dn/dh (%−1) −8.72 · 10−9

CO2 content xc dn/dxc (ppm−1) 1.42 · 10−10

Wavelength λ dn/dλ (nm−1) −8.59 · 10−10

Table 3.3: Dependence of the refractive index n of air from temperature T , pressure p,
humidity h and CO2 content xc around T = 20◦C, p = 101.325 kPa, h = 50%, xc = 400 ppm
and λ = 1530 nm.
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In addition, figure 3.20 shows the refractive index n as a function of the tempera-

ture T at different pressures p. Figure 3.21 shows the refractive index n as a function

of the pressure p at different temperatures T . Figure 3.22 shows the refractive index

0.9 0.95 1 1.05 1.1x 1052.22.42.62.833.2 xv104 Pressurev(Pa)Refractivityv(n−1)⋅108 λv=v1530vnm,vhv=v0.5,vxcv=v400
Tv=v30°CTv=v0°C

Tv=v15°C
Figure 3.21: Refractivity of air as a function of the pressure p at different temperatures
T . The data were calculated using the Ciddor equation evaluated for a wavelength of
λ = 1530 nm, a humidity of h = 50%, a CO2 content of xc = 400 ppm.

n as a function of the wavelength λ, humidity h and CO2 content xc.

Compensating the interferometer position readout by the precise measurement of

temperature, pressure and humidity allows achieving an accuracy better than 1 ppm.

This is exemplary demonstrated for a change of the air pressure in figure 3.23. In

this example, a stable cavity with a constant length of 36.7 mm was placed inside a

closed chamber and exposed to a pressure change of 6.8 kPa. This pressure change

was compensated by means of the weather station located inside the chamber, result-

ing in a position uncertainty of 0.3 ppm. The accuracy of the sensors used for this

measurement was ±0.1◦C (0..50◦C) for the temperature, ±1hPa (300..1100 mbar) for

the pressure and ±2% (10..90 %) for the humidity.

In order to verify the accuracy of the interferometer at ambient conditions, the

FPS3010 was calibrated at the National Metrology Institute of Germany (PTB) over

a distance of 1.5 meters. The measurements were performed under various ambient

68



3.8. AMBIENT ENVIRONMENT COMPENSATION1.5 1.51 1.52 1.53 1.54 1.552.68062.68082.6812.6812 xm104RefractivitymHn−1u⋅108
300 350 400 450 5002.68072.68082.68092.6812.6811 xm104RefractivitymHn−1u⋅108 0 20 40 60 80 1002.6752.682.6852.69 xm104RefractivitymHn−1u⋅108

Tm=m20°Compm=m1013mmbarom
hm=m50gomxcm=m400λm=m1530mnmomTm=m20°Compm=m1013mmbaromhm=m50gλm=m1530mnmomTm=m20°Compm=m1013mmbaromxcm=m400WavelengthmλmHµmumHumiditymhmHguCO2mcontentmxcmHppmu

Figure 3.22: Refractivity of air as a function of the wavelength λ, humidity h, and CO2

content xc. The data were calculated using the Ciddor equation evaluated for a temperature
of T = 20◦C and a pressure of p = 1013 mbar.

conditions and the resulting refractive index changes were compensated using the

environmental compensation unit. The accuracy of the FPS3010 was determined to

be better than 0.14 ppm.

The main disadvantage of the weather station is that only homogeneous changes

of the refractive index can be corrected, because the refractive index is measured

only at one point in space. The existence of local air turbulence therefore limits the
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Figure 3.23: Environmental compensation of the position signal measured in a solid cavity
under changing air pressure conditions. The gray line shows data corrected by a weather
station, whereas the black line shows uncorrected data. The cavity is placed in a closed
chamber and exposed to a pressure change of 6.8 kPa. The cavity has a length of 36.7 mm.
The data show a position uncertainty of 0.3 ppm.

correction functionality. This case requires the direct measurement of the refractive

index along the beam path.

3.8.2 Refractometer

The direct measurement of the absolute refractive index can be performed using inter-

ference refractometers, which continuously measure the phase change induced by the

refractive index.[53] A comparison of the interference refractometers used by different

research laboratories can be found in literature.[52] Measurements performed with the

examined refractometers showed an agreement of better then 5 · 10−8. Building an

interference refractometer requires the accurate knowledge of the geometrical beam

length l = px of the cavity in a vacuum, the wavelength λ, and the optical phase dif-

ference ∆Φamb(t). In order to determine ∆Φamb(t), the cavity must be evacuated at

least one time. The consideration of the uncertainty of each single parameter allows

a coarse estimation of the total uncertainty that could be achieved by the presented
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interferometer.

δn

n
=

(
δ∆Φamb

∆Φamb

+
δλ

λ
− δx

x

)
n− 1

n
(3.16)

The typical wavelength stability of the DFB laser is δλ/λ = 4·10−8. The phase uncer-

tainty is mainly limited by periodic nonlinearities and is in the order of δ∆Φamb/∆Φamb =

4 · 10−4 for a double pass cavity (see section 4.5) with a length of x = 0.1 m, but

could in principle be increased to about 4 · 10−5 by correcting these nonlinearities.

The uncertainty of the cavity length is determined by its thermal expansion and by

the uncertainty of the length measurement. The cavity is therefore ideally made of

an extremely low expansion material, as e.g. the glass ceramic Zerodur [54] with a

coefficient of thermal expansion of α = 0.1 · 10−6 K−1, leading to an uncertainty of

δx/x = 1 · 10−7 K−1. The length of the cavity could in principle be determined with

an accuracy in the order of δx/x = 10−4 using frequency tuning interferometry,[11]

and is currently the limiting factor. In the best case, the total uncertainty would be

in the order of δn/n = 10−8 and, thus, about one order of magnitude better than the

weather station.

At the moment, the accuracy of the measurement of the refractive index is limited

by the accurate determination of the absolute length measurement of the cavity. The

problem of the refractometer presented here is that the refractive index would not be

measured along with the cavity under test. Finding a solution to this problem will

be the central goal of future research and development.

3.9 Reference cavities

Measuring the displacement of a stationary target at ambient conditions always in-

volves thermal drifts of the cavity length and fluctuations of the refractive index. This

is especially undesired during characterization of the interferometer stability, because

such distortions might be falsely attributed to the interferometer itself. The char-

acterization of the performance of the interferometer consequently requires a stable

reference cavity. Such a stable cavity can be realized by cooling it down to liquid

helium temperature or by manufacture it from materials with a low coefficient of

thermal expansion.
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Figure 3.24: Schematic of the low temperature cryostat. The titanium cavities are cooled
down to cryogenic fluid temperature by placing them into the cryogenic storage dewar. The
cavities are mounted at the end of a modified attocube microscope probing insert. The insert
is placed in a thin-walled stainless steel vacuum tube (not shown) filled with few millibar
exchange gas in order to establish thermal contact to the dewar.

3.9.1 Low temperature cavity

Ideal drift-free cavities can only be realized by cooling them down to absolute zero

temperature. In order to freeze thermal drifts in the Fabry-Pérot cavity, special low

temperature cavities have been developed, which can be cooled down to cryogenic

fluid temperature. Figure 3.24 shows the cryogenic setup, consisting of a top-loading

liquid helium cryostat with a modified attocube microscope probing insert containing

the cavity. The insert, which is shown in figure 3.25, consists of a sample stick which

is placed in a thin-walled stainless steel vacuum tube. The sample stick consists of

a vacuum flange and a framework which holds the cavity at the bottom of insert,

where the lowest temperature is reached. The vacuum flange is equipped with several

optical and electronic vacuum feedthroughs. The optical feedthrough has FC/APC

connectors on both sides in order to minimize back reflections. The tube is evacuated
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(a) (b) (c)1.0 m Temperaturesensor
Fiber-opticfeedthrough ElectronicfeedthroughFC/PCconnectorSensorheadStainless steelvacuum tube

Vacuum pumpvalve
Figure 3.25: Low temperature insert. a) Cryostat insert consisting of a stainless steel vacuum
tube and sample stick. b) Low temperature sample stick consisting of a vacuum flange
equipped with optical and electronic vacuum feedthroughs and a framework which carries
the cavities. c) Invar cavities with different lengths.

and filled with few millibar exchange gas in order to establish thermal contact to

the dewar. The insert is lowered into the dewar and the cavities are cooling down.

The fibers in the vacuum tube make the connection between the fiber feedthroughs

(FC/APC connector) and the sensor head (FC/PC connector). Optical fibers used

at low temperature and high vacuum are usually bare fibers with 250 µm diameter

buffer coating and without jacket in order to avoid stresses due to thermal contraction

and in order to minimize outgassing. For the same reasons, the connectors are made
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without bend protection (boot).

3.9.2 Room temperature cavity

The use of low temperature cavities is time consuming and expensive. For this reason,

a room temperature reference cavity that produces no running costs was developed.

Figure 3.26 shows the cavity setup. The cavity is placed inside a 2 inch vacuum tubeSensorFheadVacuumFtubeInvarFcavityVacuumFfeedthroughG10FspacerElectronicFfeedthroughMirrorFthroughPumpFconnectorQF50FflangeFiberFconnectorF(FC/PC)HeatingFsurface
Figure 3.26: Room temperature cavity. The low expansion Invar cavity is placed in a vacuum
tube in order to eliminate changes of the refractive index. The cavity can be temperature
stabilized by means of a heating foil.

and is made of Invar (Fe − 36%Ni) with a low coefficient of thermal expansion of

α = 3.0 · 10−6K−1.[55] There is a top and a bottom flange and a connector for the

vacuum pump. A vacuum valve enables decoupling of the cavity from the pump. The

top flange contains four optical feedthroughs for four independent interferometer axes

and one electronic feedthrough. The electronic feedthrough contains 6 pins to connect
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one heating foil and at least one temperature sensor (Pt100, model S651, Telemeter

Electronic GmbH, 86609 Donauwörth). This enables temperature stabilization of

the cavity as well as the induction of defined thermal drifts. For both processes

a temperature controller (Model 335 Cryogenic Temperature Controller, Lake Shore

Cryotronics, Inc., Westerville, OH 43082) was used. A solvent free 2-component epoxy

resin adhesive (UHU plus endfest 300) was used to seal the gap between feedthrough

and flange, whereas a sealing ring was used for the electronic feedthrough. For thermal

decoupling of the cavity from the outside, the cavity was mounted to the upper flange

by means of glass-fiber reinforced plastic (G-10) spacers. In order to ensure a low

thermal expansion of the cavity, the mirrors were glued from the backside of the

cavity. The cavity therefore has holes through which the light gets to the mirror.

Gluing the mirrors to the inside of the cavity might result in thermal drifts caused

by the glue.

3.10 Summary

In this chapter, the experimental realization of the interferometer described in the

theoretical part was presented and the performance was specified by means of mea-

surements. The interferometer is able to track displacements with picometer resolu-

tion and constant sensitivity and is well suited to work in extreme environments like

ultra-high vacuum, cryogenic temperatures and high magnetic fields. The low output

power of the interferometer, which is in the order of 0.1 mW, allows noninvasive oper-

ation, thus promoting displacement tracking even at liquid helium temperature. The

use of telecom wavelength fiber-based components lowers the costs of the system and

enables multi-channel operation. It was shown that the low-finesse Fabry-Pérot in-

terferometer is capable of tracking length changes up to a working distance of 1 m

with a maximum speed of 2 m/s.

The measurements in this chapter have further shown that the use of semicon-

ductor laser diodes is well suited to replace conventional gas lasers in displacement

interferometry. However, in order to achieve a wavelength stability in the order of

δλ/λ = 10−8, which is typically specified by the manufacturers of commercial gas

laser based interferometers, this type of laser requires an active wavelength stabiliza-

tion to a known wavelength reference absorption gas cell. In this way, a stability of

∆λ/λ = 5.8 · 10−9 was successfully demonstrated.
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The interferometer provides a real-time interface enabling the transfer of the dis-

placement data with different digital protocols. The HSSL protocol transmits absolute

displacement data which are encoded using a serial word format and supports high

velocities and large travel ranges, but at the expense of the data rate. The A-quad-

B quadrature protocol transmits incremental displacement data which are encoded

using a quadrature format with four unique states and supports high frequency mea-

surements up to the MHz range. However, the maximum velocity that can be tracked

is limited by the interface bandwidth and the predefined resolution increment.

The measurements in this chapter moreover confirmed the theoretical predictions

of the periodic nonlinearities stated in chapter 2.

As most of the interferometric displacement measurements are still made at ambi-

ent conditions, this chapter provides an equation for the correction of the refractive

index of air using a weather station. The data show a position uncertainty of 0.3

ppm.
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4 Sensor head configurations

A central part of the Fabry-Pérot interferometer system is the sensor head which is

remotely connected to the interferometer system by means of a single mode fiber.

The sensing cavity is then formed between the fiber end face and the target. Nowa-

days, the sensor head of a displacement sensor has to meet different requirements

with respect to robustness, usability, size and working range. In integrated circuit

manufacturing, for example, stage positioning and wafer alignment with nanometer

precision over measurement ranges of up to several hundreds of millimeters is nec-

essary to improve overlay in double patterning lithographic processes.[56, 57] Future

semiconductor production will be based on extreme ultraviolet lithography which fur-

ther requires the displacement sensor to be operated in a vacuum. Another example

is scanning force microscopy, where an accurate spatial resolution can only be ob-

tained when the probe position is tracked during surface scanning. The measurement

range is typically in the micrometer range.[58] Since operation under extreme envi-

ronments like cryogenic temperatures, ultra-high vacuum or high magnetic fields is

highly desired in this field of application, it sets especially high requirements for the

robustness and the size of the sensor head. The sensor head must fit into a cryostat

with very constrained space and tolerate deformations caused by large temperature

gradients which might lead to a misalignment of the system. In particle accelerators,

for example, a large number of devices, such as steering and focusing magnets, have

to be aligned with respect to the particle beam with nanometer precision,[59, 60] and

this often within a vacuum and ionizing radiation.

These requirements can only be met if all electronic parts are separated from the

sensor head, as is the case in the present Fabry-Pérot interferometer, where the sensor

head consists only of a fiber connector, a collimator lens, and a housing holding both

parts together. In contrast to the Michelson interferometer, the Fabry-Pérot inter-

ferometer includes no reference arm and no beam splitters. It profits significantly

from this simple structure because it makes the sensor head small in size, robust
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against external influences, and cost-efficient. The use of optical fibers makes the in-

terferometer robust against environmental influences and allows remote sensing, thus

promoting noninvasive operation.[61] These advantages are especially desirable for

displacement sensors which should be operated at cryogenic temperatures or at high

magnetic fields and achieve sub-nanometer resolution and accuracy, conditions where

most other known commercial interferometers would fail. Depending on the config-

uration of the cavity, the Fabry-Pérot interferometer allows measuring on a variety

of target materials which differ in their reflectivity and surface roughness. Config-

urations of the cavity differ in the type of lens, the separation of the lens from the

fiber, and the target material. The applications presented above also require a certain

tolerance of the configuration against angular misalignment. A large angular align-

ment tolerance tolerates, for example, deformations of the sensing cavity or guiding

inaccuracies of a moving stage and makes the interferometer easy to align.

In this chapter, different configurations of the Fabry-Pérot cavity will be investi-

gated and characterized with respect to their ability to increase the measurement

range of the interferometer and to their tolerance against angular misalignment. For

illustration, various representative practical configurations will be analyzed. In order

to investigate the interference signal for a large parameter range, simulations have

been performed which were tested to reproduce the experimental results. The sim-

ulations can help simplifying the development process and reducing the testing time

for different configurations.

4.1 Instrumentation

The fiber-optic Fabry-Pérot interferometer setup is schematically shown in figure 4.1

with three different sensor head arrangements (a)-(c). The light source is a DFB

laser with a wavelength of λ = 1535 nm. The laser source is connected to one of

the two input arms of a two-by-two directional fiber coupler which splits the light at

a ratio of 50% on each arm. One of the output arms is connected to a fiber patch

cable. The polished fiber end of this cable forms the first semi-transparent mirror of

the Fabry-Pérot cavity and provides the reference beam for the interferometer as it

reflects about 4% of the incoming light. 96% of the light is coupled into the cavity and

reflected off a mirror attached to a movable target. The reflected light is coupled back

into the fiber and interferes with the reference beam, thus producing an interference
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pattern which is detected at the second input arm of the coupler using a variable

gain photoreceiver (Femto OE-200-IN2, FEMTO Messtechnik GmbH, Germany). In

order to gain information about the maximum and minimum values of the reflected

power signal at a fixed target position, the laser wavelength was swept by changing

the laser temperature. SensorheadTunableDFB laserISO APCFC TargetD
Figure 4.1: Fiber-optic measurement setup including laser source, isolator (ISO), optical
attenuator (OA), fiber coupler (FC), photodetector (D) and optical Fabry-Pérot cavity,
formed between fiber end and target. All parts are interconnected by FC/APC to FC/APC
mating sleeves. Shown are also three different configurations of the sensing head, comprising
(a) only fiber and target, (b) fiber, collimating lens and target and (c) fiber, focusing lens
and target.

An example for the detected interference fringes is shown in figure 4.2. It was

generated by applying a thermal drift to a cavity placed in a vacuum. The data were

recorded with a bandwidth of 1 kHz. The root mean square (rms) noise at quadrature

corresponds to an equivalent displacement of 0.04 nm.

The different Fabry-Pérot sensor head configurations used for displacement sensing

are schematically shown in figure 4.1 (a)-(c). Configuration (a) consists of a bare

fiber emitting a beam which directly impinges on the target. In (b), the light emitted

by the fiber is collimated by a lens and in (c), the beam is focused by the same

lens. For characterization of the measurement range and angle tolerance, both the

constructive and destructive interference intensities are recorded as a function of the

target tilt angle α and working distance WD. The two lens arrangements have been

realized with the help of an adjustable sensor head composed of two parts. The

first part includes a connector for the FC/PC fiber and the second part carries the

lens. Both parts are connected to each other by a screw to retain a constant fiber
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Figure 4.2: Interference pattern produced by sweeping the temperature of a 30 mm long
cavity located inside a vacuum chamber. The inset shows the signal around the maximum
slope.

to lens separation. In this way, different beam geometries can be easily realized.

In this work, a lens with a focal length of f ≈ 8 mm and a numerical aperture of

NA = 0.50 was used. For testing, the sensor head was mounted onto a travel stage

in order to change the cavity length, whereas the target tilts were realized by means

of a gimbal center mirror mount including piezo-assisted micrometer drives. This

chapter will focus on determining the interference contrast and consistently will only

show measurement data of the interference extrema, corresponding to constructive

and destructive interference. These intensities can also be determined analytically by

inserting the coupling efficiency η into equation 2.64 and calculating Ir(ϕ = π) = Imax

for constructive and Ir(ϕ = 0) = Imin for destructive interference. Equation 2.64

shows that the contrast crucially depends on the reflectivity of the movable target and

on η. This is demonstrated in figure 2.9, which shows the constructive and destructive

interference intensities and the corresponding contrast as a function of the target

reflectivity R2, assuming η = 1. The contrast is of particular importance because it is

a measure for the signal-to-noise ratio of the detected signal and thus for the resolution

of the displacement sensing.[22] A maximum contrast of 1 allows displacement sensing

with the highest resolution because the full detector range can be used. A contrast

different to 1 leads to an offset of the interference signal and, as a consequence, not

the whole detector range can be used for signal detection. The contrast is maximum

around a target reflectivity that equals the fiber core, which is R2 = 0.0359. For
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higher reflectivities, the contrast decreases because of the increasing amount of light

coupled back into the fiber. In this case, the contrast could be increased by reducing

the coupling efficiency η, since r2,eff also depends on η according to equation 2.64.

High target reflectivities thus can generally be compensated by reducing the coupling

efficiency in order to achieve a higher contrast.

4.2 Coupling efficiency simulation

The amount of light coupled back into the source fiber is described by the coupling

efficiency η, which is calculated as a function of the target tilt and working distance

using an optics simulation software. When performing fiber coupling simulations, the

numerical aperture of the optical fiber is required. Unfortunately, the definition of

NA is not standardized. The manufacturers of optical fibers define it as the sine of the

half light cone angle at which the far field intensity of the light exiting the fiber has

fallen to 1% of its peak value (NA1%), while in laser optics it is commonly defined by

the 1/e2 power level (NA1/e2). Optical software providers such as Zemax,[62] however,

use two different definitions within their own software. The following considerations

will refer to Zemax and provide a useful correspondence between all definitions.

In some places, the Zemax fiber coupling feature requires a source and receiver fiber

NA which is defined by NA1/e2 . The Corning data sheet[63] provides for the SMF-28

fiber NA1% = 0.14, which can be converted to the 1/e2 power level using the relation

NA1/e2 = NA1% · (2/ ln 100)1/2. (4.1)

It follows that NA1/e2 = 0.092 for the SMF-28 fiber. In other places in the same

software, the “object space numerical aperture”, which refers to the source fiber NA,

is twice the sine of the paraxial marginal ray angle, i.e. the full cone angle diverging

from the source fiber, also called acceptance angle. It is calculated from the refractive

index of core and cladding, resulting in NA = 0.25 according to

NA = (n2
core − n2

clad)
1/2, (4.2)

where ncore = 1.4682 is the index of refraction of the fiber core and nclad = 1.4629 is

the index of refraction of the fiber cladding at a wavelength of λ = 1550 nm, according

to the Corning data sheet.
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4.3 Position sensing with a bare fiber

The sensing cavity can take different shapes depending on the specific application.

In a first configuration of the Fabry-Pérot cavity, the light emitted from the fiber is

directly reflected by the target and coupled back into the fiber, as shown in figure 4.3

(a). This arrangement is especially well suited for applications with very constrained

space. It can be found in atomic force microscopes for measuring the cantilever

deflection [21] or in piezoelectric scanners for expansion measurements.

α%(deg)
WD (mm)0 1 2 3 4 5−5

−2.502.55 00.20.40.60.81 0 0.5 1 1.5 210−310−210−1100101102
WD (mm)I

(µW) 0 0.5 1 1.5 200.51
WD (mm)Contrast −2 −1 0 1 202468I(µW)

−2 −1 0 1 200.51Contrast0.25 0.35

0

5

100.25 0.3 0.3500.51α

Reflector
R%>%96%
WD

(a)%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%(b)%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%(c)(d)%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%(e)%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%(f) α%(deg)
α%(deg)0.3%mm1%mm2%mm0.3%mm1%mm2%mm

Figure 4.3: Angle and position dependence of the interference signal for the configuration
shown in (a), consisting of a mirror that directly reflects the light emitted from the fiber.
(b) Position dependence of the constructive and destructive interference intensities I at
normal incidence (α = 0). Light and dark gray circles denote measurement values for
constructive and destructive interference, respectively. Solid lines represents simulation
data. (e) Corresponding contrast. Circles represent measurement values for the contrast.
(d) Simulated contrast as a function of the working distance WD and target tilt angle α.
(c) Angle dependence at WD = 0.3 mm (position of maximum contrast), WD = 1 mm and
WD = 2 mm. (f) Corresponding contrast.

An example for this interferometer type is shown in the work of Smith et al.,[22]

where a glass wedge forms the movable reflector in order to get equal reflectivities of

both cavity surfaces. Such a balanced low-finesse cavity is crucial to achieve a high
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signal-to-noise ratio. Due to the divergence of the light emitted from the fiber, this

system is limited to cavity lengths not exceeding 5 µm, a range which is too small for

most applications. Extending the measurement range of this type of interferometer

and at the same time preserving its large angular alignment tolerance will be the

central goal of this work.

In the special case of the bare fiber, a good signal contrast can be achieved by

either using a glass target placed in close vicinity to the fiber or by using a high

reflective target placed far enough away so that the beam divergence reduces the

back coupled power to approximately 4% of the total power. In order to determine

the position of maximum contrast for high reflective targets analytically, the position

dependent power coupling efficiency of the reflected light must be known. For normal

incidence, it can be calculated by the convolution of two Gaussian beam profiles,

one representing the field distribution of the acceptance fiber Ψ1 and the other one

representing the field distribution Ψ2 after a distance of two times the cavity length

z.

η =
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The radial field distribution Ψ at a distance ζ from the source fiber is given by
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where w is the beam waist size and r is the radius with respect to the fiber optical

axis. The normalized power coupling efficiency η is then given by the convolution of

the field distributions at a distance ζ1 = 0 and ζ2 = 2z.
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The beam waist at a distance ζ from the fiber is

w(ζ) = w1

√

1 + (ζ/zR)
2, (4.6)

where zR is the Rayleigh length, given by

zR =
πw2

1

λ
. (4.7)
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Inserting equation 4.6 into equation 4.5 yields the coupling efficiency as a function of

the target distance z for normal incidence,

η(z) =

{

2
√

1 + (2z/zR)2

2 + (2z/zR)2

}2

(4.8)

It can be used to calculate the interference intensities and the contrast using equation

2.64. The resulting contrast is represented by the solid line in figure 4.3 (e) and is

identical to the results from the simulations.

Apart from this analytical approach, simulations have been carried out to quantify

the signal change for target tilts with respect to the fiber optical axis and for target

movements along this axis. The results are shown in figure 4.3 (b)-(f) and compared to

position dependent measurements at normal incidence. For small distances between

the fiber and target, the signal intensities decrease rapidly with increasing working

distance, whereas the contrast becomes maximum when the returning light intensity

approaches 4%. For normal incidence, the maximum contrast is reached at a distance

of 0.3 mm away from the fiber (cf. figure 4.3 e). The inset of figure 4.3 (b) shows the

signals in a range of 50 µm around the maximum contrast. This area is well suited for

piezo scanner position readout as the signal contrast is well above 0.98 in this range.

Regarding the position readout, it is important to note that this configuration is not

compatible with the quadrature detection scheme presented earlier in this work. The

reason for this lies in the small modulation depth which can be achieved at these

short distances. The modulated amplitude is typically too small for being resolved

by the demodulator.

4.4 Towards increasing the measurement range

One way to increase the measurement range of a low-finesse Fabry-Pérot interferome-

ter is to put a collimating lens into the beam path between the fiber and glass target,

as shown in figure 4.4 (a). When the light hits the reflector at normal incidence and

the reflector is made of glass with a reflectivity similar to the fiber core, the signal

contrast becomes maximum as demonstrated in figure 4.4 (b) and (c). The figures

show both constructive and destructive interference intensities and the corresponding

contrast as a function of the target tilt angle α. Both interference intensities are ap-

proaching Ir1 = 2.1 µW for large angles, meaning that the coupling of light from the
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Figure 4.4: Angle dependence of the interference signal for the configuration shown in (a),
consisting of a lens which collimates the light emitted from a fiber and a plane glass target
that reflects part of the light at a working distance of 31 mm. (b) Interference intensities I as
a function of the target tilt angle α. Light and dark gray circles denote measurement values
for constructive and destructive interference, respectively. Solid lines represent simulation
data. (c) Corresponding signal contrast. Circles denote measurement values for the contrast.
The solid lines represents simulation data.

cavity into the fiber nears zero, so that only the reflection from the fiber end Ir1 con-

tributes to the detected intensity. The total intensity I0 which is routed to the cavity

is then I0 = Ir1/R1 = 52.5 µW, where R1 = 0.0359 is the reflectivity of the fiber core.

The data reveal the main problem of this approach, namely a very high sensitivity

of the interference signal contrast to target angular misalignment. This makes this

arrangement unsuitable for many displacement tracking applications. However, this

configuration provides the highest accuracy because it produces no geometrical errors

and allows two dimensional displacement tracking on plane surfaces. It is therefore

used for position tracking of high-precision stages moving in two or three directions

in space.

A further arrangement might use a retro reflector instead of a plane reflector to

increase the angle tolerance of the displacement measurement. To determine the an-

gle tolerance, an aluminum coated corner cube retro reflector was mounted on a tilt
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stage at a working distance of WD = 400 mm, as depicted in figure 4.5 (a). When

f WD

Corner cubeCollimator
α

(a)(b)                                              (c)
−4 −2 0 2 4010203040

I
(µW)

−4 −2 0 2 400.20.40.60.81Contrast
α (deg)α (deg)

Figure 4.5: Measured angle dependence for the configuration shown in (a), consisting of a
lens which collimates the light emitted from a fiber and an aluminum coated corner cube retro
reflector placed at a working distance of 400 mm. (b) Interference intensities I. Light and
dark gray circles denote measurement values for constructive and destructive interference,
respectively. (c) Corresponding signal contrast. Gray circles denote measurement values for
the contrast.

increasing the target angle, i.e. the angle between the retro reflector optical axis and

the incident beam optical axis, the interference signals decrease as shown in figure

4.5 (b), whereas the contrast increases according to figure 4.5 (c). The angle depen-

dent decrease of the interference intensities result from a reduction of the light that

is coupled back into the source fiber, caused by an offset between the fiber optical

axis and the reflected beam. At 0◦, the light emitted into the cavity is expected to

be completely coupled back into the fiber, thus causing the interference intensities

to be around I0. As this is not the case, there must be imperfections in the corner

cube which prevent the light from being reflected parallel to the incident beam, thus

causing losses which reduce the power at the detector. For practical applications, the

contrast can be further improved by tilting or decentering the corner cube.
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4.5 Position sensing using a confocal double pass

arrangement

The previous section shows that a tedious alignment of the reflector is required to

couple the light back into the fiber when using a low reflective plane target, thus mak-

ing this technique hard to use and sensitive to angular changes which might occur

during a target movement. A corner cube retro reflector might relax the alignment

procedure, but for some applications it is too bulky, too expensive, or it might suffer

from a weak signal contrast when working in the center of the corner cube. In some

other applications, such as tracking the position of a stage moving in two directions,

using a retro reflector is not possible, since they only support movements in one di-

rection.

A new approach uses a high reflective plane target slightly tilted with respect to

f WD

Collimator Reflector
R > 96%2α

dy8.2 µm δCoreCladdingFerrule125 µmIIIIII α

Figure 4.6: Confocal double pass arrangement consisting of a lens that collimates the light
emitted from the fiber and a high reflective plane mirror placed at a working distance WD
away from the lens. When tilting the target away from normal incidence, the reflected spot
moves along the fiber end face and increases in this way the angular acceptance angle. An
increase of the tilt angle α also increases the lateral offset dy between the incident and
reflected beam, leading to a reduction of the coupling efficiency.

the incident collimated beam, forming a confocal arrangement as shown in figure 4.6.
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In this configuration, the beam is not directly coupled back into the fiber. It rather

makes use of a small target misalignment causing the reflected light to be focused on

the fiber cladding or the ferrule of the connector surface.[4] Depending on the reflec-

tivity of cladding or ferrule, a certain amount of light is reflected off the connector

surface and passes the cavity a second time. Since the returning beam is parallel to

the incident collimated beam, it will be exactly focused to the fiber core after having

passed the cavity twice. This means that the cavity has a kind of self-alignment

mechanism that makes the coupling of the reflected light into the fiber independent

from the target alignment. At the same time, the balanced reflectivities of the fiber

core and cladding allow to achieve a high signal contrast of the interference pattern.

Additionally, their low reflectivities, which are in the order of 4%, make the cavity

low-finesse, resulting in a more sinusoidal interference pattern which again increases

the accuracy of displacement measurements.

To demonstrate the signal tolerance against target tilts and displacements for a

wide parameter range, simulations have been carried out, for which the arrangement

is investigated in greater detail. The optical system in figure 4.6 can be described as

a folded Fabry-Pérot cavity which is set up between the fiber core and cladding re-

spectively ferrule, separated by a cavity length which equals about twice the distance

between fiber end and target. The reflector only serves as a folding element which

has no influence on the finesse of the cavity. The crucial point of this technique is

the beam focusing to the fiber connector surface. For this reason, this section will

focus on the beam geometry near the fiber, which is shown in more detail in the inset

of figure 4.6. For the given configuration, the angle between incident beam and its

first reflection is twice the tilt angle α of the reflector. It follows that the distance δ

between the center of the fiber core and the reflected spot is

δ = f tan (2α), (4.9)

where f is the effective focal length of the collimator lens. The reflected spot conse-

quently moves along the radial direction on the connector surface when the reflector

surface normal is tilted away from the fiber optical axis, thus relaxing the alignment

procedure. The end face of an optical single mode FC/PC connector is composed of

three parts, namely the fiber core, the cladding and the ferrule. The fiber core has

a diameter of 8.2 µm and an index of refraction of ncore = 1.4682 at a wavelength of

λ = 1550 nm,[63] leading to a reflectivity of Rcore = 0.0359 in standard air with an
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index of refraction of namb = 1.0003, according to

Rcore =

∣
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ncore − namb

ncore + namb
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∣

2

. (4.10)

The cladding has a diameter of 125 µm and an index of refraction of nclad = 1.4629

at the same wavelength, yielding a reflectivity of Rclad = 0.0353. The ferrule is made

of zirconia and has an index of refraction of nferrule = 2.1252 at λ = 1550 nm, yielding

a reflectivity of Rferrule = 0.1295 in air. Usually, the end face of a FC/PC connector

is not flat. It has a radius of curvature of about rferrule = 20 mm, which also has

to be considered in the simulations. To simulate the whole complexity of the folded

cavity with respect to interference intensities, the simulations were subdivided into

three cases, characterized by the radial position δ of the reflected spot on the fiber

surface or by the tilt angle α, which is related to δ by equation 4.9.

For small angles, referring to |δ| < 4.1 µm or |α| < 0.014◦ (regime I), the Fabry-

Pérot cavity is set up between the fiber end and mirror and the beam passes the cavity

only once (single pass, folding order p = 1) because the spot lies on the fiber core.

This means that the reflectivities of the target and the core have to be considered in

the transfer function calculations of the cavity.

When the tilt is further increased, corresponding to 4.1 µm < |δ| < 62.5 µm orSurface stop30 mmFC/PC connectorCollimator lens
Figure 4.7: Technical drawing of the low expansion double pass sensor head. The thermal
stability of the sensor heads was improved by relocating the surface stop level to the level
of the connector ferrule end. This eliminates the effective collimator length which is subject
to thermal drifts.

0.014◦ < |α| < 0.220◦ (regime II), the configuration enters the regime in which the

beam passes the cavity twice (double pass). In this regime, the beam is focused on

and reflected off the fiber cladding and the mirror only has a folding function. This

means that the Fabry-Pérot cavity is set up between the fiber core and cladding,
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leading to a cavity length that is about twice the distance between fiber and target

and the folding order is p = 2.

For tilts exceeding 0.220◦ or |δ| > 62.5 µm (regime III), the configuration is still in

double pass mode, but the beam is focused on the ferrule, leading to a higher finesse

of the cavity because of the higher reflectivity of the ferrule. The transition between

the cladding and ferrule causes a jump in the reflected interference signal because of

the higher reflectivity of the ferrule.

The practical realization of such a sensor head is shown in figure 4.7. The sensor

heads are made of titanium and are therefore resistant to corrosion and well suited to

work in magnetic fields. It further provides a connector for a FC/PC fiber. The lens

is inside a separate part which is glued to the fiber part in order to ensure a good

beam collimation. Such collimating sensor heads can also be bought from different

companies, but usually do not provide a sufficient beam collimation.

4.5.1 Measurements and simulations

The simulation results for the angular dependence of the interference intensities at a

working distance WD = 31 mm are shown in figure 4.8 and compared to measure-

ments. Figure 4.8 (a) shows a detail of the fiber end face drawn to scale according

to the plots below. Figure 4.8 (b) shows measurements and simulations of the angle

dependent contrast. In the high contrast regime III, the back coupled signal power

decreases with increasing target tilt, which shows up in a decrease of the contrast in

(c) for angles larger than 0.6◦. This decline is caused by the limited acceptance angle

of the fiber which reduces the amount of light which is coupled back into the fiber,

i.e. the larger the angle of incidence towards the fiber is, the lower is the coupling

efficiency. An increasing tilt increases the distance between the incident and the last

reflected beam (denoted as dy in figure 4.8 a), thus increasing the fiber incidence

angle of the latter. The single pass regime I, however, has a weak contrast because of

the large amount of light which is coupled back into the fiber and is, therefore, not

suited for high resolution displacement sensing, i.e. in this arrangement the target

should always be slightly tilted. The simulations in this section make a good fit to

the experimental data and are therefore well suited to predict the physical properties

of the sensor head. Deviations might arise from deviations of the ferrule curvature or

from a badly collimated beam.

Figure 4.9 (a) shows both constructive and destructive interference intensities for
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I
(µW) 0204060-0 .8 -0 .4 0 0.4 0 .8Contrast 00.20 .40 .60 .81 FerruleØ > 125 µm(a)(b)(c) CladdingØ 125 µmCoreØ 8.2 µm

α (deg)III I II IIIII
Figure 4.8: Angle dependence for the double pass configuration. (a) Detail of the fiber end
face drawn to scale. (b) Interference signal as a function of the target tilt angle α at a working
distance WD = 31 mm. Black and gray circles denote measurement values for constructive
and destructive interference, respectively. Solid lines denote corresponding simulation data.
(c) Corresponding contrast. Circles represent measurement values for the contrast. Solid
lines denote results from the model calculation. Angular range I refers to single pass mode,
whereas range II and III refers to double pass mode.05101520

I
(µW) 0.2 deg0.3 deg 0 20 40 60 80 10000.20.40.60.81

WD (mm)0.2 deg0.3 degC0 20 40 60 80 100
WD (mm)

Figure 4.9: Calculated constructive and destructive interference intensity I (a) and contrast
(b) as a function of the working distance WD for the double pass configuration.

working distances ranging from 0 to 100 mm at two exemplary angles that corre-

spond to a reflection on the cladding (α = 0.2◦, regime II) and the ferrule (α = 0.3◦,

regime III). Figure 4.8 (b) shows the corresponding contrast. The lower contrast for
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small distances at α = 0.3◦ results from the higher reflectivity of the ferrule. When

the distance to the target is further increased, the contrast becomes maximum as a

result of a decreasing coupling efficiency which compensates the high reflectivity of

the target.

Figure 4.10 shows simulations of the distance and angle dependent contrast. The

dark regions have a weak interference contrast and are not suited for operation of

the interferometer. This applies in particular to the horizontal dark line which repre-

sents the single pass regime I. Here, the strong signal will lead to a saturation of the

photodetector. 0 20 40 60 80 100 00.20.40.60.8
WD (mm)α (deg) 110.50-0.5-1

Figure 4.10: Simulated contrast as a function of working distance WD and target tilt angle
α for the double pass configuration.

4.5.2 Nonlinearities

The advantage of the confocal double pass arrangement is the high alignment tol-

erance. This is, however, associated with nonlinearities which degrade the accuracy

of the position signal. In particular, two nonlinearity sources can be distinguished.

The first one results from the beam geometry inside the cavity, the second one results

from a mixing of the single and double pass state, referred to as double modulation

in this work.

4.5.2.1 Geometrical nonlinearities

Besides cosine and Abbé errors,[35] the accuracy of the displacement measurement

in the confocal double pass system is mainly limited by the geometrical error caused
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by angular misalignment of the target. Angular tilts lead to an elongation of the

beam path with respect to normal incidence. This issue is illustrated in figure 4.11

(a), where the thick black line shows the central beam path within the folded Fabry-

Pérot cavity. In order to quantify the deviation of the beam length with respect to

normal incidence, the length of the central beam was calculated using Zemax and

subtracted from the beam length at zero target tilt. The beam elongation is shown

in figure 4.11 (b) as a function of the working distance for different target tilt angles

α. The data reveal that the beam length does not increase linearly with the working

α

Collimator ReflectorR > 96%Sensor headSMFFerrule WD(a)(b) x l ≈ 2x
Optical path length deviation (µm) Working distance (mm)0.2 deg0.4 deg0 40 801000-100-200

Figure 4.11: (a) Drawing of the alignment free interferometric sensor head. The fiber core
and cladding form a folded Fabry-Pérot cavity with a length x ≈ 2l. (b) Deviation of the
optical path length from normal incidence as a function of the working distance and for
different target tilt angles α.

distance, thus limiting the measurement accuracy to several tens of micrometers for

displacements over the full range of 100 mm. For example, when displacing the target

at a tilt of α = 0.2◦ over the full range of 100 mm, the total error is 110 µm. The
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beam elongation also increases with increasing target tilt angle. In order to obtain

nanometer accuracy for sub-meter displacements, it is recommended to use a corner

cube retro reflector or a plane glass target.

4.5.2.2 Double modulation

When the target mirror is moving with constant velocity under an angle somewhere in

between regime I and II, the interference pattern will beat with half of the frequency

of the the double pass mode. The reason for this is that, for small target tilt angles,

the folding order of the cavity is a mixture between non folded (p = 1, single pass)

and folded (p = 2, double pass) state, resulting 4π-periodic phase nonlinearities.

4.6 Position sensing with focusing optics

Practice has shown that it’s not always possible to attach a sufficiently large reflector

to the displacing target. Applications further might require the measurement directly

on rough surfaces, surfaces with low reflectivity or surfaces with curvatures. Other

applications allow only a very small beam spot on a surface with arbitrary reflec-

tivity. For all these applications, it is appropriate to use a focused beam which is

easily realized by moving the lens a bit further away from the fiber, as schematically

shown in figure 4.12 (a). Light being reflected off a target placed in the focus of

the beam will always be refocused to the fiber core. This makes the configuration

very tolerant against misalignment of the target and, thus, also applicable to rough

surfaces. This configuration is especially well suited for targets with a low reflectivity,

as the maximum contrast is achieved for a reflectivity of about 4%, assuming that

η = 1. The small spot size at the focus point again promotes the use of rough surfaces

and small targets. The 1/e2 intensity beam diameter at the focus point is twice the

radial beam waist w, given by w ≈ λ/πθ, where θ is the half convergence angle of the

beam propagating towards the target. High reflective targets, however, significantly

decrease the fringe contrast when placed in the focus. Therefore, the coupling effi-

ciency needs to be reduced, which can be achieved by defocusing of the target. Since

the technique used for measuring displacements with a focused beam consequently

depends on the target reflectivity, this section distinguishes exemplarily between low

reflective (R ≈ 4%) and high reflective targets (R > 96%) to illustrate the difference

of both approaches. For both parts, the resulting signal and its sensitivity to target
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misalignment and position changes is exemplary shown for one special arrangement

of fiber, lens and target. Here, the focusing lens is inserted into the beam path at a

distance dfl = 7.38 mm away from the fiber. This leads to a focus point at a working

distance of WD = 54 mm with a beam width of 28 µm. Basically, the focus point

F can be adjusted to different working distances by simply changing the distance

between the fiber and lens in the sensor head. The position of the focus point as

a function of the fiber to lens distance dfl is shown in figure 4.12. It is noteworthy

WD (mm)20 30 40 50 607.588.599.510 00.20.40.60.81
WD (mm)20 30 40 50 607.588.599.510 01020304050

WD (mm)20 30 40 50 607.588.599.510 00.20.40.60.81ReflectorxRx>x96%Collimator
WD

F(a)xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx(b)(c)xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx(d) η

C

d
flx(mm)

dfl
Imaxx(µW)

d
flx(mm)
d

flx(mm) f

Figure 4.12: Simulation of the working distance WD of the focus point F as a function of
the fiber to lens distance dfl for the focused beam arrangement shown in (a). (b) Coupling
efficiency η, (c) constructive interference intensity Imax, and (d) interference contrast C as
a function of WD and dfl.

that the ultimate accuracy of this method requires taking the Gouy phase shift into

account, especially when the target shifts through the focus.[64]

4.6.1 Target with low reflectivity

Displacement measurements of targets with low reflectivity are required in applica-

tions such as the positioning of telescope lenses with low reflectivity or the quantiza-
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(µW) 20 40 60 8000.20.40.60.81
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−2 −1 0 1 200.20.40.60.81Contrast 24=mm34=mm 44=mm54=mm
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f FCollimator Reflector=R===4%
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Figure 4.13: Angle and position dependence for the configuration shown in (a), consisting
of a low reflective plane glass target and a lens which focuses the light from the fiber to a
working distance of WD = 54 mm. (b) Simulated contrast as a function of working distance
WD and target tilt angle α. (c) Position dependence of the constructive (upper curve)
and destructive (lower curce) interference intensities I at normal incidence. Circles denote
measurement values and lines represents simulation data. (d) Corresponding contrast. (e),
(f) Angle dependence at the focus point with the beam focued to WD = 24 mm, WD =
34 mm, WD = 44 mm and WD = 54 mm.

tion of the expansion of a piezoelectric material with high surface roughness. In this

case, the targets must be placed directly in the focus point of the lens in order to

maximize the back coupled light intensity to ideally 4% of the incident light and to

ensure a large fringe contrast.
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To demonstrate the signal tolerance against target tilts and displacements, mea-

surements have been carried out using a plane glass with a curved backside placed

in the focus of the beam so that the plane surface forms the second semi-transparent

mirror of the cavity. The curvature helps to reduce unwanted reflections from the

backside. The target is made from crown glass (BK7) with an index of refraction of

n2 = 1.50065, yielding a reflectivity of R2 = 0.040 in dry air. The measurements are

again compared to simulations covering a greater parameter range.

The analysis of the data shown in figure 4.13 reveals a good agreement between

measurement and simulation. The reflectivity of the target, which is very similar

to the fiber core, leads to a very high contrast of V = 0.996 in the experiment and

V = 1.000 in the simulation. The contrast drops to V = 0.9 for distances of about

∆WD = ±3 mm around the focus point. In the same interval, the constructive

signal drops by a factor of about 2, thus limiting the accuracy of large range mea-

surements, as intensity changes are always interpreted as displacements. To ensure a

measurement accuracy in the low nanometer regime, displacements should be limited

to a few hundred nanometers around the focus point. Figure 4.13 (e) and (f) show

the angle dependence of the interference intensities I and the contrast at the focus

point, respectively, and this for different working distances of the focus point. For

the focus point at WD = 54 mm, the contrast drops to V = 0.5 for tilt angles of

α = ±0.9◦ around the fiber optical axis, demonstrating the high tolerance of this

method against target misalignment. The angle dependence can be further reduced

by focusing the beam to smaller working distances, i.e. the system gets more tolerant

to misalignment the smaller the distance to the focus is. The decrease of constructive

interference intensity with decreasing focus distance at normal incidence originates

from optical aberrations.

4.6.2 Target with high reflectivity

Other applications require the measurement of displacements of high reflective sur-

faces and, at the same time, only allow very small beam spots or curved surfaces.

Examples are the measurement of cantilever movements [65] or the measurement

of the wobble of a rotating cylinder.[66] Some applications, moreover, suffer from a

limited space, as for example when working in cryostats that allow only very small

sensor heads, but require a measurement range of several millimeters. A focusing

sensor head with a small lens operated in a defocused mode can meet these demands.
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Figure 4.14: Angle and position dependence for the configuration shown in (a), consisting
of a high reflective plane mirror and a lens which focuses the light from the fiber to a work-
ing distance of WD = 54 mm. (b) Simulated contrast as a function of working distance
WD and target tilt angle α. (c) Position dependence of the constructive (upper curve) and
destructive (lower curce) interference intensities I at normal incidence. Circles denote mea-
surement values and lines represents simulation data. (d) Corresponding contrast. Circles
represent measurement values and lines represents simulation data. (e)-(j) Angle depen-
dence at WD = 42 mm, WD = 54 mm (focus point) and WD = 65 mm. Circles denote
measured data and lines denote results from the model calculation.

The slightly larger target spot size outside the focus enlarges also the reflected spot

size, leading to a smaller coupling efficiency and, consequently, to a higher contrast.

A large angle tolerance is still guaranteed because of the large area which is covered
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by the reflected beam on the fiber surface.

Figure 4.14 shows both theoretical and experimental data for the system consisting

of a focused beam and a high reflective mirror. According to the simulations in figure

4.14 (b), the contrast has a minimum at the focus point due to the high coupling effi-

ciency and the high target reflectivity, leading to a saturation of the detector at that

point or, if the signal is attenuated, to a low displacement resolution. According to fig-

ure 4.14 (c) and (d), interferometry should be rather performed at working distances

of about ±5 mm around the maximum contrast at WD = 42 mm and WD = 65 mm,

yielding a contrast greater than V = 0.9. This working range is about twice the range

measured with low reflective targets and the change of signal intensities is significantly

reduced, thus promoting long range measurements with high accuracy. The points of

maximum contrast are also very insensitive against misalignment, as shown in figure

4.14 (e), (f) and (i), (j). According to these figures, a contrast of V = 0.5 is reached

at a target tilt of ∆α = ±0.8◦. For large range measurements over several hundreds

of nanometers, the intensity change has to be taken into account when accuracies of

only a few nanometers are required. Figure 4.14 (g) and (h) additionally show the

angle dependence at the focus point, illustrating again the good accordance between

measurements and simulations. The simulation results in figure 4.14 (b)-(d) further

show oscillations in the intensities and the contrast around WD = 30 mm, which

might be attributed to wavefront distortions.

4.6.3 Target with curved surface

Up to now, measurement with the focusing optics only considered plane surfaces. This

section will show theoretically, by means of one practical example, that measurements

on curved surfaces are possible as well. In this particular case, the wobble of a high

reflective rotating cylinder with a radius of r = 7.5 mm had to be measured from

two perpendicular directions in a plane perpendicular to the cylinder rotational axis.

The working distance was given by the setup and amounted WD = 28.2 mm. This

task required finding a working range where the interference intensities are insensitive

to displacements and, at the same time, have a high contrast. In order to find an

appropriate range, the interference signal was calculated as a function of the working

distance WD and the distance dfl between the fiber and lens, as shown in figure

4.15. For the given working distance, this plot allows finding a matching fiber to

lens distance. Once a good range is determined, the sensor head must be adjusted
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to this fiber to lens distance. This can be achieved using the plane mirror relation

shown in figure 4.12. For the determined fiber to lens distance, one has to read off the

corresponding working distance. Then, a cavity with this specific working distance

is set up and the sensor head fiber to lens distance is adjusted to produce a focus at

the mirror by maximizing the reflected signal.

20 25 30 35 40
WD (mm)7.588.599.510 01020304050(b)RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR(c)ImaxR(µW)

d
flR(mm) CylindricalreflectorRRR>R96k

rR=R7.5RmmCollimator
WD

(a)RRRRRRRRRRRRRRR
dflf

r20 25 30 35 40
WD (mm)7.588.599.510 00.20.40.60.81C

d
flR(mm) 20 25 30 35 400204060

WD (mm)ImaxR(µW)
IminR(µW)Workingrange

Figure 4.15: Measurement of the wobble of a rotating cylinder with the focused beam con-
figuration shown in (a). An appropriate measurement range has a high contrast and the
interference intensities are insensitive to displacements. It is determined from the intensity
distribution I in (b) and from the interference contrast C in (c), which are both shown as
a function of working distance WD and the fiber to lens distance dfl. Note that (b) allows
only to display the constructive interference intensity Imax.

4.7 Summary

This chapter has shown that the low-finesse fiber-optic Fabry-Pérot interferometer is

suitable for displacement sensing in a wide range of applications by using different

configurations of the sensing cavity. The interferometer enables remote sensing by

means of optical fibers and is, therefore, well suited to work in extreme environments

like cryogenic temperatures, ultra high vacuum or high magnetic fields. The possi-
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ble working ranges and angular alignment tolerances of the presented configurations

of the Fabry-Pérot cavity have been characterized experimentally and theoretically

with respect to the interference contrast which is a measure for the signal quality.

The results can give assistance in finding the right sensor head configuration for the

desired application. For theoretical characterization of the optical response of the

Fabry-Pérot interferometer, a simulation method based on the combination of the

Airy formula with the coupling efficiency calculation provided by Zemax was intro-

duced. The good agreement between measurements and simulations demonstrate that

this method is well suited to predict the optical response of arbitrary future sensor

head configurations. This simplifies the customization of sensor heads as well as the

development of new sensor heads as it reduces the time for prototyping and testing.

In this way, several new sensor head designs have already been realized, as shown in

figure 4.16. The simple structure of the sensor head allows miniaturization down to

a diameter of currently 1.2 mm.

Figure 4.16: Experimental implementation of different types of sensor heads. Sensor heads
“M12” and “M15.5” provide a collimated beam and are used in the single pass mode for
measurements over several meters or in the double pass mode to achieve a high alignment
tolerance. In contrast to the “M12” head, the “M15.5” head has an integrated flex structure
for angular alignment. The miniature sensor heads “xs” and “xxs” have a diameter of 4 mm
and 1.2 mm, respectively, and provide a focused beam. They are used for measurements on
targets with various reflectivities.

The investigation of different configurations of the Fabry-Pérot cavity has shown

that small size sensor heads are realized by placing a bare fiber close to a high reflec-
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tive mirror. Best signal contrast is obtained at a distance of about 0.3 mm, with a

measurement range in the order of a hundred microns and an angle tolerance of more

than ±2◦. By using a confocal double pass arrangement comprising a collimator,

the measurement range can be expanded to at least 100 mm, while ensuring a good

alignment tolerance. The position dependent angular alignment tolerance around

the excepted normal incidence angle is ranging from ±1◦ at minimum distance to

about ±0.2◦ at maximum distance. This arrangement makes the interferometer easy

to use and insensitive to lateral displacements of the moving target. However, this

enhancement of the alignment tolerance is at the expanse of linearity. Calculations of

the geometrical nonlinearities have revealed a total error of 110 µm when the target

is displaced at a tilt of α = 0.2◦ over the full double pass range of 100 mm. For

further extending the measurement range up to 1 m, a high reflective corner cube

can be used as target reflector, but with a reduced contrast of about 0.4 for normal

incidence, which is still more than good enough for any practical devices. The use of a

focusing lens, moreover, allows the measurement to be made on rough, low reflective

or small targets and enables a measurement range ranging from hundreds of microns

to several millimeters, depending on the reflectivity and the degree of beam focusing.

A high target reflectivity can be compensated by a reduction of the fiber coupling

efficiency, which is practically realized by defocusing of the target.

Future work should evaluate the dependence of the displacement measurement res-

olution and accuracy on coupling efficiency changes in order to further specify the

signal within the possible working ranges. It further should deal with the correction

of nonlinearities arising from the Fabry-Pérot cavity.
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5 Absolute distance sensing

Laser interferometers are used for position tracking when the combination of high

accuracy, nanometer sensitivity and long range displacement is required simultane-

ously. They are relying on the accurate pitch length provided naturally by the laser

wavelength. A displacement is determined by counting and recording the number of

pitches experienced during the target motion while measuring accurately and sensi-

tively the last fraction of pitch at the time the measurement is recorded. In essence,

most laser interferometers allow only for an absolute position measurement within a

wavelength fraction and rely on counting and memorizing the number of pitches de-

tected during displacement to reconstruct the full target displacement and position.

Interrupting a laser interferometer measurement, albeit intentionally or accidentally,

leads to the loss of position should the target subsequently drift away by more than

a pitch length. In many instances, the loss of position and displacement information

is very detrimental, in particular in systems where accessibility is much reduced and

fine alignment is critical. Typical situations are that of position stages located in

ultra-high vacuum like in synchrotron beamlines or in remote locations like on board

of satellites or probes. Even in much less extreme situations, knowing for instance the

precise position of a tool or a work piece on a milling machine upon powering it on,

and this without having to initialize the xyz stages by displacement to a preset ori-

gin, is very much desirable. Apart from pure positioning applications, the knowledge

of the absolute distance is also prerequisite for accurate distance sensing in ambient

conditions, as already demonstrated in the environmental compensation algorithm in

section 3.8. It can further be used for dynamic open loop adjustment of both the

wavelength modulation amplitude and the demodulator phase.

There are a number of ways to combine dual or multi-wavelength interferometer

to create much larger effective pitches, but ultimately the issue of determining the

absolute distance remains.[67, 68, 69, 70] The use of frequency combs has lead to a

significant progress of this technique in the last years, providing an uncertainty of up
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to 10−13 without ambiguity, but at the expense of system complexity and for now very

high costs.[71, 72] A different approach to interferometric absolute distance measure-

ment is called variable-wavelength interferometry or frequency tuning interferometry

(FTI) and is based on the ability to tune the laser wavelength.[73, 74, 75] However,

the frequency tuning range required in order to measure a distance in the sub-meter

range within nanometer accuracy, makes the laser system prohibitively expensive.

The tuning range obtained by temperature adjustment of typical commercial semi-

conductor laser diodes allows an uncertainty in the micrometer range only.

The approach used in this chapter combines the use of frequency tuning interfer-

ometry with dual wavelength interferometry and establishes this way a novel method

for absolute distance sensing without ambiguity limitation. In particular, a robust

and industry scalable fiber-optic Fabry-Pérot miniature interferometer is presented,

which is capable of measuring absolute distances with nanometer repeatability.

5.1 Principle of measuring absolute distances

In a Michelson or Fabry-Pérot interferometer, the absolute distance between a refer-

ence mirror and a target mirror is only known if the interference order is determined.

This is the fundamental limitation of single fixed wavelength interferometers, in which

the phase difference between the reference beam and target beam is only known mod-

ulo 2π. The use of two independent laser sources with the wavelengths λa and λb can

help reducing the ambiguity of the interference order in that the interference signal

shows a periodic beating pattern as a function of the distance. In this section, two

different approaches for two laser absolute distance sensing will be presented. They

are referred to as synthetic wavelength approach and combinatory fringe number

approach.

5.1.1 Synthetic Wavelength Approach

The beating generated by using two different wavelengths can be viewed as a synthetic

wavelength that is typically much longer than λa or λb, when the two wavelengths

are chosen to be relatively close to each other. The ambiguity on the synthetic

interference order is fully eliminated when the beating wavelength can be made long

enough to fall within the uncertainty range of an independent but much less accurate
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measurement of the distance. Here, such a measurement is conveniently realized by

sweeping the laser wavelength of one laser over few nanometer, typically providing

an absolute distance with micrometer uncertainty.[76, 77] However, the uncertainty

of the wavelength sweep measurement is increased when the target moves during

the wavelength sweep, e.g. due to target position drifts. This problem is solved by

tracking target movements during the wavelength sweep by means of the second laser

and correcting the phase data accordingly.[75, 74, 78]

Based on this concept, a three step procedure successively increasing the accuracy

of the absolute distance computation has been implemented. The procedure is well

suited to work with a fiber-optic Fabry-Pérot interferometer operated with two laser

sources, one of which is at least tunable. In the following, this procedure is described.

The index “a” and “b” refers to Laser A and B, respectively.

5.1.1.1 Frequency tuning interferometry

The first step provides a coarse absolute distance xfti by sweeping the wavelength of

one laser by an amount ∆λ.[79] The interference phase Φ is in general given by

Φ =
4pπn

λ
x, (5.1)

where n is the refractive index of the medium in the cavity, p is the folding order

of the cavity (1, 2, 3, ...) and x is the absolute distance to be measured, which is

the distance between the fiber end and a movable reflector, both forming a Fabry-

Pérot cavity with a length of l = p ·x. A confocal Fabry-Pérot cavity arrangement, by

way of example, might include a folding mirror which effectively doubles the optical

beam path, resulting in the folding order p = 2.[4] When changing the wavelength λ

of the light, the interference phase experiences a change ∆Φ which is proportional to

the optical path difference of the interferometer. The absolute distance xfti obtained

from frequency tuning interferometry is expressed as

xfti =
Λa

4pπna

∆Φa, (5.2)

where ∆Φa = Φa,s − Φa,e is the phase change induced when sweeping the laser wave-

length of Laser A from the start wavelength λa,s to the end wavelength λa,e by an

amount ∆λ = λa,e − λa,s. na is the refractive index which is assumed to be constant

in the given wavelength range. Λa is an effective wavelength given by

Λa =
λa,sλa,e
λa,s − λa,e

. (5.3)
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The uncertainty δxfti of this measurement mainly depends on factors like target drifts

δxdrift during the wavelength sweep, wavelength uncertainties δλ, phase nonlinearities

δΦNL and phase noise δΦnoise. Phase nonlinearity occurs when the interference fringe

intensity departs from a strict cosine or sine form as a function of the cavity length.

The total error can be estimated using the relation

δxfti =
Λa

λa,e
δxdrift +

Λa

λ2a,s
xδλ+

Λa

4pπna

(δΦNL + δΦnoise) . (5.4)

The most significant error is usually produced by cavity drifts during the wavelength

sweep. Due to the large effective wavelength Λa, δxdrift is amplified with a leverage

factor of Λa/λa,s, which is typically in the order of 103. The second stabilized laser

(Laser B) is used to track target drifts and the phase change measured with Laser

A is corrected by these drifts. The cavity drifts are considered in equation 5.2 by

subtracting the phase change measured with Laser B, yielding

xfti =
Λa

4πpna

(

∆Φa −
naλb
nbλa,e

∆Φb

)

. (5.5)

5.1.1.2 Synthetic wavelength

In the second step, the result xfti is used to determine the beating wavelength fringe

number NΛ and to determine an intermediate coarse value of the initial absolute

distance, xΛ,s.[76] NΛ is the maximum number of integer beating wavelengths that fit

into the optical beam path within the cavity and is expressed using the floor function,

which returns the largest integer not greater than its argument, according to

NΛ,s =

⌊
2p

Λs

xfti −
ΦΛ,s mod 2π

2π
+

1

2

⌋

, (5.6)

where Λs is the beating wavelength with respect to the start wavelength λa,s, given

by

Λs =
λbλa,s

naλb − nbλa,s
, (5.7)

and ΦΛ,s is the corresponding beating phase, given by

ΦΛ,s = Φa,s − Φb =

(
4pπna

λa,s
− 4pπnb

λb

)

x =
4pπx

Λs

. (5.8)

By way of example, λa,s was used as the wavelength for Laser A, but λa,e could have

equally well been chosen, resulting in a beating wavelength Λe and a beating phase

106



5.1. PRINCIPLE OF MEASURING ABSOLUTE DISTANCES

Φa,e, provided that the following equations are adapted accordingly. The absolute

distance δxfti obtained from the wavelength sweep must fulfill the condition

δxfti < Λs/2p (5.9)

in order to determine NΛ,s without ambiguity. This condition sets a lower limit to

the choice of a convenient Λs. In particular, Λs should be chosen just long enough so

that it still fulfills the condition. The absolute distance xΛ,s derived from the beating

phase ΦΛ,s then becomes

xΛ,s =

(

NΛ,s +
ΦΛ,s mod 2π

2π

)
Λs

2p
. (5.10)

5.1.1.3 Fringe number assignment

In the third and final step, xΛ,s is used to determine the interference order Na or Nb

of one of the two lasers, in this case the fringe number Na,s corresponding to Laser A

at the wavelength λa,s, yielding

Na,s =

⌊
2pna

λa,s
xΛ,s −

Φa,s mod 2π

2π
+

1

2

⌋

. (5.11)

This last assignment step is necessary because the uncertainty of xΛ,s in the experi-

mental setup is in the order of λa,s/2p. To ensure again the unambiguity of Na,s, the

uncertainty δΦΛ,s must fulfill the condition

δΦΛ,s < 2πλa,s/Λs. (5.12)

As will be shown in the following paragraphs, this condition can only be met in the

experimental setup when correcting periodic phase nonlinearities inherent to this kind

of interferometer system (see section 5.2.2). The high precision absolute distance x

is then given by

x =

(

Na,s +
Φa,s mod 2π

2π

)
λa,s
2pna

. (5.13)

Equation 5.13 requires a relatively high wavelength accuracy in the order of δλ/λ =

10−9. Practically, most applications do not need nanometer distance accuracy, but

nanometer repeatability. In such cases, the requirement for wavelength accuracy can

be relaxed, and the target distance is

x =NΛ,s
Λs

2p
+
λa,sΦa,s mod 2π

4pπna

+

⌊
ΛsΦΛ,s mod 2π

2πλa,s
− Φa,s mod 2π

2π
+

1

2

⌋
λa,s
2pna

.

(5.14)
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When only a high repeatability is required, it is sufficient to know NΛ,s and to count

the number of interference fringes N∗

a within the fractional part of ΦΛ,s, expressed

by the floor function term. The absolute knowledge of Na is not necessary. This

enables repeatable absolute distance measurements also for wavelength accuracies in

the δλ/λ = 10−8 range, which is typically achieved in the present case.

After determination of the absolute distance, the system outputs a continuous

position by adding the displacement measured with the displacement tracking Laser

B from the start of the measurement, yielding

x(t) = x+∆x(t) = x+
λb

4pπnb

∆Φb(t). (5.15)

5.1.2 Combinatory Fringe Number Approach

The combinatory fringe number approach provides another scheme to compute a high

accuracy absolute position x. In contrast to the synthetic wavelength approach, no

beating wavelength is required. Generally, this approach uses an extremum principle

for determining the high accuracy absolute position x. This method, also known as

method of excess fractions or method of exact fractions, relies on the fractions ǫ of the

interference fringes of two or more laser wavelengths.[80, 81] It is based on recording

fractional values of the interferometric phases of both laser lights at the start and/or

stop points of defined wavelength sweeps, on establishing one or more sets of fringe

number combinations based on a coarse knowledge of an absolute position and on

applying an extremum principle for electing a specific fringe number combination

from each of the sets of fringe number combinations. These steps will be described

in the following sections.

5.1.2.1 Determining fractional phases

In a first step, the laser wavelengths of Laser A and Laser B are stabilized to the

known start wavelengths λa,s and λb,s, respectively. As soon as the start wavelengths

are reached, the fractional values Φa,s mod 2π = 2πǫa,s and Φb,s mod 2π = 2πǫb,s of

the interferometric phases are measured and recorded. The absolute phases (i.e. the

start fringe numbers Na,s and Nb,s) are unknown but the start fractional phase values

2πǫa,s and 2πǫb,s are measured with high interferometric precision.
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5.1.2.2 Laser wavelength sweep

In a subsequent process, the wavelength λa of Laser A is shifted continuously from

λa,s to another precisely known wavelength λa,e. At the same time, the wavelength

λb of Laser B is maintained at a constant and exact value, e.g. at its stabilized

start value λb,s. The shift of the wavelength of Laser A is performed slow enough

so that the corresponding interferometric phase shift ∆Φa can be measured. During

the operation of shifting the wavelength of Laser A, the associated phase shift is

continuously recorded until the laser wavelength has reached its stable exact end

value λa,e. When the wavelength λa has reached its end value λa,e, both the single

value ∆Φa of the phase displacement of the light of Laser A during the wavelength

sweep as well as the single value ∆Φb of the phase displacement of the light of Laser

B during the wavelength sweep are recorded. Because the wavelength λb has been

kept constant during this operation, a non-zero phase displacement ∆Φb will be solely

due to a change ∆x in the cavity length x. In contrast, the phase displacement ∆Φa

results both from the intended wavelength shift caused by the wavelength sweep and

from any change ∆x in the cavity length.

5.1.2.3 Computation of a coarse absolute distance

In a further process, the values x and ∆x of the cavity length and the change in the

cavity length that occurred during the first laser wavelength sweep are computed by

using some of the following equations:

Φa,s =
4πpna

λa,s
x (5.16)

Φa,e =
4πpna

λa,s + δλa,fti
(x+∆x) (5.17)

Φb,s =
4πpnb

λb
x (5.18)

Φb,e =
4πpnb

λb
(x+∆x) (5.19)

∆Φa = Φa,e − Φa,s (5.20)

∆Φb = Φb,e − Φb,s (5.21)

This is a system of six unknown quantities Φa,s, Φa,e, Φb,s, Φb,e, x, and ∆x. From

equation 5.21 the displacement ∆x in the cavity length that occurred during the
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wavelength shift is calculated according to

δx =
λb

4πpna

∆Φb, (5.22)

which is typically accurate within nanometers. The cavity length x (absolute position

x) at the initial measurement is

x =
Λa

4πpna

(

∆Φa −
λb
λa,e

∆Φb

)

, (5.23)

where the effective wavelength Λa is given by

Λa =
λa,sλa,e
λa,s − λa,e

. (5.24)

From a mathematical point of view, equation 5.23 already solves the problem. How-

ever, in reality the measured values of ∆Φa and ∆Φb may not be sufficiently exact

and may deviate from the reality due to phase noise and other measurement errors

inherent to interferometric displacement sensing. It must be noted that an error ϕ

on the phase measurement leads to an error Σ on the position expressed by

Σ =
Λa

4πpna

φ. (5.25)

The effective wavelength Λa is significantly longer than λa,s since the wavelength shift

λa,e − λa,s is typically only a small fraction of λa,s. In fact, the same phase error ϕ

leads to an actual position error of

σ =
λa

4πpna

φ. (5.26)

In other words, the error on the evaluated position x is Σ = σ(Λa/λa,s) = σλa,s/(λa,e−
λa,s). This indicates an amplification of the error with a leverage factor of Λa/λa,s,

which may be about 103. That is, an actual position error of 10 nm would lead

to an error of 10 µm of the evaluated absolute position x. Thus, the error of the

evaluated absolute position x may be far larger than the measurement pitch of λa/2p.

Therefore, in reality, equation 5.23 may only provide for a coarse estimation of the

absolute position x.

5.1.2.4 Computation of an accurate absolute distance

In a further process, some others of the equations 5.16 - 5.21 are exploited to reduce

an error on the evaluation of x. As it is possible to measure the fractional parts of
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the phases ǫa,s, ǫa,e, ǫb,s, ǫb,s within the measurement pitch, the following equations

may be used:

Φa,s = 2π(Na,s + ǫa,s) (5.27)

Φa,e = 2π(Na,e + ǫa,e) (5.28)

Φb,s = 2π(Nb,s + ǫb,s) (5.29)

Φb,e = 2π(Nb,e + ǫb,e) (5.30)

Unknown are the integer fringe numbers Na,s, Na,e, Nb,s, Nb,e, which are also referred

to as the interference orders in this work. Combining these equations with equations

5.16-5.19, the following equations are obtained.

Na,s + ǫa,s =
2pna

λa,s
x (5.31)

Na,e + ǫa,e =
2pna

λa,s + δλa,fti
(x+ δx) (5.32)

Nb,s + ǫb,s =
2pnb

λb
x (5.33)

Nb,e + ǫb,e =
2pnb

λb
(x+ δx) (5.34)

A coarse absolute position value of x is then input into the equations 5.31 and 5.33

in order to get coarse values of the fringe numbers Na,s, Nb,s. Then, possible combi-

nations [Na,s|Nb,s] of fringe numbers are formed. As the typical uncertainty on the

fringe numbers Na,s and Nb,s at the start are known (e.g. plus or minus a known

integer M), the set of all possible combinations of [Na,s|Nb,s] are given by the fringe

number combinations lying around the coarse values of Na,s, Nb,s within the tolerance

of M, respectively. Then, the term

(Na,s + ǫa,s)
λa,s
2p

− (Nb,s + ǫb,s)
λb,s
2p

(5.35)

is calculated, which is the condition of eliminating x between equations 5.31 and 5.33.

The combination [N ′

a,s|N
′

b,s] for which

(Na,s + ǫa,s)
λa,s
2p

− (Nb,s + ǫb,s)
λb,s
2p

→ 0 (5.36)

is 0 or closest to 0 of all possible combinations [Na,s|Nb,s] is determined. Then,

based on this minimum combination [N ′

a,s|N
′

b,s], an accurate value of the absolute
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position x is calculated from equation 5.31 or 5.33. In other words, equation 5.36

is minimized over all possible combinations of [Na,s|Nb,s] in order to determine the

minimum combination [N ′

a,s|N
′

b,s]. The minimum combination [N ′

a,s|N
′

b,s] provides the

unknown value of x with high accuracy.

5.1.2.5 Consistency check

In order to obtain confirmation about the value of x, some others of the equations

5.31 - 5.34, namely equations 5.32 and 5.34, may be exploited to compute an accurate

value of the absolute position of x. After having determined the start fractional values

2πǫa,s and 2πǫb,s of both interferometric phases, a frequency sweep of Laser A and

a frequency sweep of Laser B are performed to deliver two sets of data, which may

then be exploited to compute an accurate value of x in different ways. At the end of

the frequency sweep of Laser A, the end fractional value 2πǫa,e of the interferometric

phase is recorded. The frequency sweep of Laser B is performed after the end of

the frequency sweep of Laser A. The wavelength of Laser B is shifted continuously to

another precisely known wavelength value λb,e. At the same time, the wavelength λa of

laser A is maintained at a constant and exact value, e.g. at its stabilized end value λa,e.

Shifting the wavelength of Laser B is performed slow enough so that the corresponding

interferometric phase shift can be measured. At the end of the frequency sweep of

the Lase B, the end fractional value 2πǫb,e of the interferometric phase is recorded.

Thus, the absolute phases (i.e. the end fringe numbers Na,e and Nb,e) are unknown

but the end fractional values 2πǫa,e and 2πǫb,e of the interferometric phases may be

measured with high interferometric precision. A coarse absolute position value of x

is then input into equations 5.32 and 5.34 to get coarse values of the fringe numbers

Na,e and Nb,e. Then, possible combinations of [Na,e|Nb,e] are established and again,

the combination [N ′

a,e|N
′

b,e] for which

(Na,e + ǫa,e)
λa,e
2p

− (Nb,e + ǫb,e)
λb,e
2p

→ 0 (5.37)

is determined. Then, based on this minimum combination [N ′

a,e|N
′

b,e], an accurate

value of the absolute position x is calculated from equation 5.33 or 5.34. In other

words, equation 5.37 is minimized over all possible combinations of [Na,e|Nb,e] in

order to determine the minimum combination [N ′

a,e|N
′

b,e]. The minimum combination

[N ′

a,e|N
′

b,e] provides the unknown value of x with high accuracy based e.g. on equation

5.33 or 5.34.
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Based on the sets of possible combinations or on the absolute position values x

obtained through equation 5.36 and 5.37, a consistency check may be performed. If

the accurate absolute position value x from equation 5.36 and the accurate absolute

position value x from equation 5.37 differ by more than a predetermined threshold,

e.g. λ/4p, a measurement error will be assumed.

5.2 Instrumentation

The fiber-optic Fabry-Pérot interferometer setup is schematically shown in figure 5.1.

At the core of the system are two tunable distributed feedback lasers, Laser A and B,

emitting light with the wavelength λa and λb, respectively. Both lasers were bought

from TOPTICA Photonics AG and included a laser head (Toptica DL DFB BFY), a

supply rack (SYS DC 110 R 19”), an analog interface board (DCB 110) for the external

change of the laser temperature, and a modulation circuit board (DL-MOD/DFB)

with field-effect transistor and Bias-T for the high frequency current modulation. The

tuning range of these semiconductor diode lasers is in the order of ∆λ/λ = 10−3. The

dependence of the laser wavelength from the laser current is typically in the order of

8 pm/mA and the dependence from the laser temperature is in the order of 0.12 nm/K.

Laser A is connected to a first two-by-two directional fiber coupler (FC1) and Laser

B is connected to a second two-by-two directional fiber coupler (FC2). Both the

first and the second coupler provide an output to a third two-by-two directional fiber

coupler (FC3), which is used to mix the light of both sources. The two-wavelength

light is routed to a fourth two-by-two directional fiber coupler (FC4), whose first

output forms the optical output of the interferometer. A fiber patch cable connects

the interferometer with the all-optical sensor head and enables remote sensing. The

measurements in this chapter have been performed with a sensor head in a confocal

double pass arrangement. The cavity had a length of x = 115 mm and was placed

inside a vacuum chamber. The Fabry-Pérot interferometer has the advantage that the

computation of the absolute distance is performed without the use of any reference

length or length standard which are sometimes required in other absolute distance

interferometers.[82] This is because the absolute distance is equal to the distance

between the movable reflector and the fiber end face and is therefore independent

from any reference length that might be subject to thermal drift.[6] When displacing

the target, the detector outputs a beating interference pattern rather than a sinusoidal
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ΩaDEMOD 22ΩaDEMOD 3
ΩbDEMOD 42Ωb P1(LUT A)

Φa(t)P2(LUT B)
Φb(t) x(t)+

-
DEMOD 5

ΩaVacos(Ωat)Control APID A Start StopEvaluation circuitLaser control circuit Demodulator unit Computation unit+

-
DEMOD 6

ΩbVbcos(Ωbt)PID B Control BTrigger00
Figure 5.1: Dual laser interferometer setup for the measurement of absolute distances using
a low-finesse Fabry-Pérot cavity. The light from two tunable lasers (Laser A and B) is
mixed in the fiber circuit and routed to the sensing cavity which is formed between the fiber
endface of the sensor head and the movable reflector. The fiber circuit moreover comprises
two molecular absorption gas cells (WRa and WRb) for laser wavelength stabilization. The
laser control circuit controls the wavelength of both lasers based on the control of the
laser current and temperature. The evaluation circuit, comprising demodulator unit and
computation unit, computes the absolute distance x.

interference pattern. The separation and recovery of the reflected interference signals

is achieved with a quadrature detection method which is described in the following

section.

5.2.1 Quadrature detection

The separation of both laser signals and the recovery of the interference phases of both

lasers could be realized using optical filters, but with the drawback of increasing sys-

tem complexity and costs and reduced signal stability. To overcome these limitations,

the phase information is encoded by different wavelength modulation frequencies of
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both lasers, a technique often referred to as frequency division multiplexing.[61] The

light emitted from Laser A with the wavelength λa is modulated with the frequency

Ωa = 2πfa and the light emitted from Laser B with the wavelength λb is modu-

lated with the frequency Ωb = 2πfb. The wavelength modulation is provided by two

oscillators generating the signals Va cosΩat and Vb cosΩbt. For an ideal Michelson

interferometer, the detector signal at D1 is a superposition of signals represented by

I(Φa,Φb) =I0,a + I0,b+

Ca cos (δΦa sinΩat+ Φa)+

Cb cos (δΦb sinΩbt+ Φb),

(5.38)

where δΦ is the modulation depth given by δΦ = −4pπnxδλ/λ2. The total inter-

ference detector signal at D1 is therefore a composition of different time dependent

signals which carry the phase information of both interference phases. They can be

distinguished by their modulation frequency according to

I = I0,a + I0,b + IΩa + I2Ωa + IΩb + I2Ωb + ... (5.39)

By lock-in demodulation of the interferometer detector signal D1 at the fundamental

modulation frequencies Ωa and Ωb and their harmonics 2Ωa and 2Ωb, the signal ampli-

tudes are recovered. The demodulated intensities in their first and second harmonic

are given by decomposition of equation 5.38 in Bessel functions Ji(δΦ), yielding[61]

IΩa = −I0,aCaJ1(δΦa) sin (Ωat) sin (Φa)

I2Ωa = I0,aCaJ2(δΦa) cos (2Ωat) cos (Φa)

IΩb = −I0,bCbJ1(δΦb) sin (Ωbt) sin (Φb)

I2Ωb = I0,bCbJ2(δΦb) cos (2Ωbt) cos (Φb).

(5.40)

The Ω and 2Ω components show to be conveniently in quadrature, i.e. 90◦ phase

shifted. The detection of the amount and sign of the interference phase changes ∆Φa

and ∆Φb with constant sensitivity is therefore achieved with a quadrature detection

method requiring two sinusoidal signals phase shifted by 90◦.[3, 26] Equal modulation

amplitudes of the Ω and 2Ω components are obtained for a modulation depth of δΦ =

2.6 rad, resulting in an equal sensitivity of both quadrature components.[61] However,

this is not necessarily required because the amplitudes are normalized in a further

process. Referring solely to the laser data sheet which specifies a current tuning rate

of δλ/δImod = 8 pm/mA and a maximum modulation amplitude δImod = ±1.5 mA
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and assuming a modulation depth of δΦ = 2.6 rad, the minimum distance between

fiber and target which is achievable in this setup is estimated to lie around 10 mm.

The interference phases can be recovered by lock-in demodulation, followed by

normalization of the signal amplitudes and determination of the tangent between the

Ω and 2Ω components. The interference phases Φa and Φb are then given by

Φa = arctan (SQΩa/S2Ωa)

Φb = arctan (SQΩb/S2Ωb),
(5.41)

where SQΩa = − sinΦa and SQΩb = − sinΦb are the normalized amplitudes of the

demodulation at the fundamental frequency Ω and S2Ωa = cosΦa and S2Ωb = cosΦb

are the normalized amplitudes of the demodulation at the harmonic frequency 2Ω.

The normalized demodulated amplitudes and the corresponding interference phases

−1 0 1−101 Φb,raw−1 0 1−101−0.4−0.200.20.4
X
Ω

a, X 2Ωa (V RMS)
−0.4−0.200.20.4

XΩb,raw                X2Ωb,raw0 2 4 6 8 10 12 14
Δx (λa/4)0 2 4 6 8 10 12 14
Δx (λa/4)XΩa,raw                X2Ωa,raw

X
Ω

b, X 2Ωb (V RMS) S
2Ωa,raw

S
2Ωb,raw SQΩa,raw

SQΩb,raw
Φa,raw(a) (b)(c) (d)

Figure 5.2: Wavelength demodulated signals of the interferometer detector signal D1 gained
through demodulation at the frequencies Ωa and 2Ωa (a) and Ωb and 2Ωb (b). The signals
were taken from a cavity placed in a vacuum while the target is displacing. The raw signals
in (a) and (b) are normalized and plotted against each other to form the Lissajous figures
in (c) and (d).

are obtained by continuously processing the signals from the demodulator unit in the

processors P1 and P2. In our setup, the lock-ins DEMOD 1-4 are realized by a
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digital lock-in amplifier (HF2LI Lock-in Amplifier, Zurich Instruments AG) which

allows simultaneous demodulation of detector signal D1 at the four frequencies Ωa,

Ωb, 2Ωa and 2Ωb. The lock-in output raw signals for a drifting cavity in a vacuum,

measured with Laser A and B, are shown in figure 5.2 (a) and (c), respectively,

as a function of the cavity displacement ∆x in units of λa/4. The signals XΩa,raw

and XΩb,raw are obtained by demodulation at the first harmonic of the carrier fre-

quency Ωa and Ωb, respectively. The signals X2Ωa,raw and X2Ωb,raw are obtained by

demodulation at the second harmonic of the carrier frequency 2Ωa and 2Ωb, respec-

tively. The second harmonic modulation amplitude is in our experiment smaller

than the first harmonic. This is because of the small modulation depth that was

used for the measurements, leading to different modulation amplitudes according to

the Bessel functions in equations 5.40. These signals are used in the next process

to calculate the normalized demodulated signals which are expressed by S2Ωa,raw =

X2Ωa,raw/X2Ωa,max, S2Ωb,raw = X2Ωb,raw/X2Ωb,max, SQΩa,raw = XΩa,raw/XΩa,max and

SQΩb,raw = XΩb,raw/XΩb,max, where the index “max” indicates maximum signal in-

tensity. The maximum signal intensities are conveniently determined by sweeping

the wavelength of both lasers which allows going through the interference pattern.

Figures 5.2 (b) and (d) show the normalized Lissajous figures obtained through nor-

malization of the lock-in demodulated signals and plotting the normalized first and

second harmonic modulation amplitude against each other. The signals X2Ωa,raw and

X2Ωb,raw show a clear 4π-periodic deviation from a cosine or sine form, causing un-

desired phase nonlinearities which might infringe the unambiguity condition stated

in equation 5.12. The 4π-periodic deviations are only present in case of a double

pass cavity. A single pass cavity would only produce 2π-periodic deviations, which

would even simplify the correction process. In the Lissajous figure representation,

phase nonlinearities show up in deviations from an ideal circle. In particular, for

4π-periodic nonlinearities the Lissajous figure shows a double trajectory. These non-

linearities occur at target tilt angles smaller than about ±0.1 deg. In this range, the

reflected spot falls onto the transition region between fiber core and cladding, caus-

ing part of the light to experience cavity folding and the other part not. In order to

quantify the phase nonlinearities δΦNL(a),raw and δΦNL(b),raw related to Laser A and B,

respectively, the raw voltage signals from the demodulators are first normalized and

then converted into phases using equation 5.41. Then, a polynomial fit is subtracted

from these phase data, yielding the nonlinearities represented by the gray curves in
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Figure 5.3: Periodic nonlinearities δxNL as a function of the target displacement ∆x mea-
sured with Laser A (a) and Laser B (b). The black line represents nonlinearities measured
after correcting phases Φa and Φb by means of the 4π-periodic look-up tables LUT A (c)
and LUT B (d) (phase nonlinearities are converted into displacements to simplify matters).

figure 5.3 (a) and (c). The phase nonlinearities are converted into displacements

δxNL(a),raw and δxNL(b),raw for simplicity. In the present setup, such nonlinearities are

too large for equation 5.12 to hold. Fortunately, however, the deterministic nature of

these nonlinearities allows for their correction using a process which is presented in

the next section.

5.2.2 Correction of periodic nonlinearities

The measurements with both lasers have shown that the interference phase is not

linear but deviates periodically as a function of the actual displacement. Determin-

istic phase nonlinearities of up to about δΦNL/2π = 3 · 10−2 have been measured

in the interferometer system, corresponding to a displacement deviation of about

δxNL = 13 nm. These nonlinearities are too large to fulfill equation 5.12. Due to the

unpredictability of some influences, nonlinearities are difficult to model analytically,

although the changes arising from multiple reflections in the Fabry-Pérot cavity and

from reflector misalignment are well understood.[83] For this reason, a self-calibrating

technique is used to measure these deviations. In this approach, both laser wave-
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lengths are swept monotonically and independently in order to predetermine the

nonlinearities of both phases. The laser wavelength sweep induces a phase change

of the interference signal which is recorded and stored for further processing. By

subtracting a monotonic polynomial fit from the phase data, two 4π-periodic look-up

tables (LUT A and LUT B), containing the periodic phase deviations from the actual

phases Φa and Φb, are created and stored in P1 and P2, respectively.

In the experiment, the wavelength sweep is performed prior to the absolute distance

computation by linearly ramping the laser temperature of both lasers by means of the

wavelength control circuits Control A and B. This induces phase changes of several

periods of 4π, allowing to improve the statistic of the look-up tables by averaging over

all nonlinearities in the phase interval modulo 4π. The computation of LUT A and

LUT B is performed in Processor P3. P3 makes a polynomial fit to the wavelength

sweep phase data and subtracts this fit from the phase raw data. The differences

are the nonlinearities, which are stored as a function of the fit phase data modulo an

interval of 4π. The interval 4π is subdivided and all nonlinearities falling in a cer-

tain sub-interval are counted and averaged, yielding a relation between nonlinearities

and fitted phase. To obtain the relation between measured raw phase and fit phase,

the same procedure is repeated and the measured raw phase modulo 4π is stored as

a function of the fit phase data modulo 4π, yielding a relation between measured

raw phase data and fitted phase. In this way, a relation between nonlinearities and

measured phase is established for both interference phases and stored in the look-up

tables LUT A and LUT B, which are then used to correct the measured raw phases.

Processors P1 and P2 continuously calculate the phases Φa,raw and Φb,raw from the

signals provided by the demodulator unit and correct these values by periodic non-

linearities. This is done by subtracting the values stored in the look-up tables LUT

A and LUT B from the corresponding phase raw data. The nonlinearities after cor-

rection are represented by the black curves in figure 5.3 (a) and (C), demonstrating

the reduction of the deviations from the actual displacement to about 2 nm. Both

look-up tables used for the correction process are shown in figure 5.3 (b) and (d).

The fact that both curves differ from each other suggests that not all nonlinearities

have an optical background. Some nonlinearities might be caused by a non-sinusoidal

wavelength modulation. The whole correction process is performed for initial adjust-

ment of the interferometer, i.e. prior to the absolute distance measurement. The

corrected phases Φa and Φb modulo 2π are shown for the thermally drifting cavity in
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figure 5.4 (a). 0 2 4 6 8 10 12 1400.510.20.30.40.5 Φa mod 2π          Φb mod 2π
ΦΛ,raw mod 2π
ΦΛ mod 2πPhase (2π)(b)(a)

Δx (λa/4)Phase (2π)
Figure 5.4: Interference phases Φa and Φb (a) and beating wavelength phase ΦΛ,s (b) as a
function of the target displacement ∆x. (b) also shows the raw beating wavelength phase
ΦΛ,raw without correction of periodic nonlinearities.

For unambiguous determination of the absolute distance, the interferometer setup

requires a measurement of the beating phase with an uncertainty of δΦΛ,s/2π <

15 ·10−3, which was ensured by means of look-up table correction. The beating phase

is given by the phase difference ΦΛ,s = Φa − Φb and is shown for the same drifting

cavity in figure 5.4 (b). The gray curve represents the measured raw values of the

beating phase ΦΛ,raw, including the superimposition of the nonlinearities of both raw

phases. The black curve represents the values of ΦΛ,s, where both phases are sep-

arately corrected for nonlinearities. The curves demonstrate that the nonlinearities

of ΦΛ,s could be reduced to about δΦΛ,s/2π = 6 · 10−3, corresponding to a factor of

about 3 to 4, meaning that δΦΛ,s now can hold the condition of equation 5.12.

5.2.3 Wavelength control

The measurement of absolute distances requires a high stability of both lasers which

cannot be guaranteed only by current and temperature stabilization. Lasers A and

B are therefore stabilized to the wavelength references WRa and WRb, respectively,
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ensuring a wavelength stability in the order of δλ/λ = 10−8. WRa and WRb are two

low pressure gas cells with defined absorption lines, to which the laser wavelengths are

locked. In our setup, the second output of the first fiber coupler is connected to the

first gas cell WRa (Acetylene 12) and the second output of the second fiber coupler

is connected to the second gas cell WRb (Acetylene 13). The laser wavelengths are

controlled by the laser wavelength control circuits Control A and B, which enable

wavelength stabilization as well as defined wavelength sweeps by controlling both the

laser current and temperature. Wavelength sweeps are performed by changing the

laser temperature. The laser temperature control can hold the laser wavelength within

a certain wavelength interval, but not with the required wavelength accuracy. For

that reason, defined wavelength sweeps are achieved by locking the laser wavelength

to different absorption lines of the absorption gas. For wavelength stabilization, the

laser wavelength is brought close to the desired absorption line by means of the laser

temperature. A feedback loop which controls the more sensitive laser current then

locks the wavelength to the desired absorption line.

The wavelength scan shown in figure 5.5 (a) is an example for the absorption

spectrum of Acetylene 12 detected with D2, normalized to the transmittance T . The

corresponding normalized demodulation signal ∂T/∂λ·δλ is shown in figure 5.5 (b). In

this example, the peak-to-peak wavelength modulation δλ was about 0.7 pm. Figure

5.5 (c) shows the absorption spectrum of Acetylene 13 detected with D3. The corre-

sponding normalized demodulation signal ∂T/∂λ·δλ is shown in figure 5.5 (d). For the

absolute distance measurement, the wavelength of Laser A was tuned between wave-

length λa,s = 1518.2131 nm and λa,e = 1514.7703 nm, corresponding to absorption

peak R(21) and R(13) of Acetylene 12, respectively.[39] The wavelength was swept by

an amount ∆λ = 3.4 nm, corresponding to a laser temperature change of 30.2◦C. The

wavelength of Laser B was intended to be kept constant at λb = 1541.1670 nm, corre-

sponding to absorption peak P(14) of Acetylene 13.[84] However, in this experiment

λb was stabilized to the minimum slope of the gas cell direct signal using an attocube

ASC500 scan controller which provides a suitable feedback loop. As a result of stabi-

lizing the laser wavelength off the absorption minimum, the wavelength was slightly

shorter (λb = 1541.164 nm). In order to guarantee a stable wavelength stabilization,

the direct signal was low-pass filtered in order to remove the high frequency mod-

ulation required for the phase determination. The wavelength stabilization of both

lasers results in a beating wavelength of Λs(λa,s|λb) = 101.936 µm in the experiment,
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Figure 5.5: Spectroscopic data of Acetylene 12 and Acetylene 13 obtained by tuning the
wavelength of the DFB laser. (a) and (c) show the gas cell normalized transmittance T of
Acetylene 12 and 13, respectively. (b) and (d) show the wavelength demodulated signal of
the gas cell transmittance of Acetylene 12 and 13, respectively.

generating a Λs/2p = 25.484 µm long periodic beating interferometric pattern as a

function of the target displacement for the folded cavity arrangement. The choice of

convenient laser wavelengths is restricted by some conditions. The first condition is

stated in equation 5.9 and sets a lower limit to the possible Λs. The second condition

is stated in equation 5.12 and sets a upper limit to the possible Λs. The range of

possible wavelengths λa and λb, which result in the beating wavelength Λs, is lim-

122



5.3. COMPUTATION OF ABSOLUTE DISTANCE

ited by the presence of absorption lines with sufficient depth and width to ensure a

wavelength stability of about δλ = 0.1 pm.

5.3 Computation of absolute distance

The last section has demonstrated the full functionality of the measurement setup

with a first data set taken from a displacing target in a vacuum. Both laser wave-

lengths were stabilized all the time. In this section, the robustness of the absolute

distance measurement will be demonstrated at real conditions using a second data

set taken from a similar cavity. Real conditions include cavity drifts which might

affect the absolute distance measurement. For this reason, the absolute distance of

a thermally drifting cavity in a vacuum is measured repeatedly (36 times) and the

results are compared to each other by subtracting the measured displacement ∆x

which occurred since the start of the first measurement. The cavity displacement

∆x(t) is continuously tracked by Laser B. The computation of the absolute distance

in the experiment includes several processes successively refining the result down to

nanometer level.

In a preliminary process step, periodic phase nonlinearities are determined by lin-

early sweeping the wavelength of Laser A and B.

In the next process step, a coarse absolute distance xfti is determined by sweeping

the wavelength of Laser A. At the beginning of the measurement, λa is stabilized to

λa,s and is then repeatedly tuned between λa,e and λa,s by means of Control A, while

λb remains stabilized in order to track target displacements. The time dependent

phase change data ∆Φa(t) and ∆Φb(t) taken from the drifting cavity are shown in

figure 5.6 (a), whereas the cavity displacement is shown in figure 5.6 (b). Since the

laser heating process is much faster than the laser cooling, the transition from λa,e

to λa,s leads to a temporary phase overshoot, which can be seen at the bottom of

figure 5.6 (a) after each heating cycle. The setup includes a trigger for starting the

frequency sweep operation of Laser A and for recording simultaneously Φa and Φb in

processor P3. Using these phase change data, P3 calculates the phase differences ∆Φa

and ∆Φb between start and end of the sweep. From the phase change ∆Φa induced

by the shift of the laser wavelength and the phase change ∆Φb representing cavity

drifts during the sweep, the absolute distance xfti is derived using equation 5.5. The

results xfti for each of the sweeps 1 to 36 are shown in figure 5.7 (a). The graph shows
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Figure 5.6: (a) Interference phase changes ∆Φa(t) and ∆Φb(t) measured with a drifting
cavity in a vacuum. The wavelength of Laser A is periodically swept between Acetylene 12
lines R(13) and R(21). (b) Corresponding displacement ∆x calculated from Φb.

that the uncertainty δxfti of the absolute distance is in the order of 2 µm and fulfills

therefore the inequality in equation 5.9, which requires δxfti < Λs/4 = 25.484 µm.

This means that the beating fringe number NΛ,s can be assigned unambiguously, in

this case NΛ,s = 4511. The following steps include only computations which are

performed by processor P3. No more measurements are performed and both laser

wavelengths are stabilized to a known wavelength in order to track displacements.

The result xfti is used in the next step to calculate the beating wavelength fringe

number NΛ,s based on the coarse distance xfti and the fractional part of the start

beating wavelength phase ΦΛ,s = Φa,s − Φb,s using equation 5.6. Based on this fringe

number, an intermediate coarse value of the absolute distance xΛ,s is calculated ac-

cording to equation 5.10. The values of xΛ,s are all within an interval of λa,s/4, as

shown in figure 5.7 (b), and therefore fulfill the condition stated in equation 5.12.
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Figure 5.7: Absolute distances computation reproducibility derived from (a) frequency tun-
ing, (b) beating wavelength phase ΦΛ,s and (c) interference phase Φa,s. The absolute dis-
tances are taken from a drifting cavity and are made comparable by subtracting the dis-
placement ∆x measured with Laser B.

In the last process, the final absolute distance x is determined with nanometer

repeatability using equation 5.14, including NΛ,s, the integer number of interference

fringes N∗

a,s within the fractional beating phase ΦΛ,s, expressed by the floor func-

tion, and the fractional part of the interference phase Φa,s. The crucial point here

is the assignment of the interference order N∗

a,s, which is necessary because of the

residual nonlinearities of the synthetic wavelength phase, which are in the order of
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Figure 5.8: Interferometer shutdown during target displacement. The absolute position can
be recovered with nanometer uncertainty.

δΦΛ,s/2π = 6 · 10−3, as demonstrated in figure 5.4 (b). These nonlinearities would

lead to an uncertainty of the absolute distance of δx = δΦΛ,sΛs/4pπ = 0.2 µm. The

final absolute distance is x = 114979.273± 0.003 µm for all of the 36 data points, as

shown in figure 5.7 (c). The inset shows a zoom around x = 114979.273 µm, revealing

a maximum uncertainty of ±3 nm. In the event that the uncertainty δΦΛ,s exceeds

the condition stated in equation 5.12, the computed absolute distance would exhibit

a quantized uncertainty jump of λa,s/4, which is also indicted in the graph.

The whole calculation process can now be repeated by using not the start values

in equation 5.14, which refer to λa,s, but the end values which refer to λa,e in order

to improve statistics of the measurement. A further statistical improvement can be

achieved by exchanging Laser A and B, i.e. sweeping the wavelength of Laser B while

Laser A tracks displacement changes. As there is a tuning of both lasers at the start

of the absolute distance measurement in order to determine nonlinearities, both tun-

ing data could be used for the position calculation by default.

The measurements have demonstrated the robustness of this technique by repeat-

edly measuring the absolute distance. Now the reconstruction of the absolute distance

after performing a complete shutdown of the interferometer will be demonstrated.

Therefore, the position of a constantly drifting vacuum cavity is tracked, similar to

the one presented before. This time, however, the interferometer is completely shut

down during the measurement, while the cavity keeps on drifting. This is indicated

by point A in the experimental data which are shown in figure 5.8. After 4 minutes,
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the system is turned back on at point B and the absolute position could be recovered

successfully. This result demonstrates that the position of a displacing stage can be

known at any time with nanometer precision. Interruptions of the interferometer

would cause a short waiting time of only a few seconds, after that time the absolute

position is known again. This can help avoiding cumbersome alignment processes and

enables multi-step processes with nanometer precision overlay.

5.4 Summary

In this chapter, a new method for measuring absolute distances in the sub-meter range

using a fiber-optic interferometer has been established. In particular, the ambiguity

of a single wavelength interferometer was eliminated by combining frequency tuning

interferometry with dual wavelength interferometry. In this way, it has been shown

that dual wavelength interferometry is well suited to increase the ambiguity range of a

single wavelength interferometer. For unambiguous absolute distance measurements,

however, the capabilities of the dual wavelength interferometer have been extended

by tuning the emission frequency of one laser. Frequency tuning interferometry is

well suited for measuring absolute distances at long range, but the accuracy is lim-

ited by different error sources, of which cavity drifts during the wavelength sweep

due to the slow tuning speed predominate. By means of tracking cavity drifts during

the wavelength sweep, the uncertainty of the frequency tuning could be kept below

the unambiguity range of the dual wavelength interferometer. This enabled the elim-

ination of the ambiguity of the interference beating pattern of the dual wavelength

interferometer, thus allowing to determine absolute distances in the sub-meter range

with a repeatability of ±3 nm. It was further demonstrated that the wavelength

modulation of both lasers with different frequencies enables easy separation of both

interference phases and this without the use of optical filters, beam splitters or ad-

ditional detectors, thus reducing the complexity of the system and making it robust

against external influences. The computation of the absolute distance is performed

without the use of any reference length or length standard which are sometimes re-

quired in other absolute distance interferometers. The operation of the system was

demonstrated for one interferometric axis, but in principle, is also well suited for

multi-channel applications.

The simple, robust and affordable technique will make absolute distance measure-
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ments available for a large field of applications, and in this way, will enable positioning

of objects with nanometer repeatability even in the harshest environments. So far,

all tests were done in a vacuum, the air refractive index was not yet considered ex-

perimentally. Future work must take into account ambient conditions, as most of

the measurements are performed in air. The coarse absolute distance measurement

by wavelength tuning has already been implemented in the IDS3010 for automatic

adjustment of the wavelength modulation amplitude and the demodulator phase and

for automatic initialization of the air compensation unit. This innovation has already

significantly simplified the operation of the interferometer.
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The small fiber coupled sensor head and its robust all optical design and makes the

interferometer suitable for a wide range of applications including the most demand-

ing environmental conditions. For example, it is used at synchrotrons for shaping

of the particle beam and at their respective beamlines, e.g., for alignment of a test

specimen with respect to the particle beam. At synchrotrons, the senor heads are

often exposed to ionizing radiation and ultra-high vacuum. The good adaptability

of the sensor head to different surfaces makes the interferometer interesting for ap-

plications in the semiconductor industry, where displacement measurements directly

on silicon wafers is required. In coordinate-measuring machines, the interferometer

enables measurements on the sample level and provides additional information about

the target yaw and pitch movement. Due to the high measurement bandwidth, the

interferometer can also be used for contactless eccentricity measurements on all kind

of bearings, e.g. in order to determine the runout of a hard drive.

In this chapter, two applications are presented by way of example. The first section

demonstrates the operation of the interferometer at cryogenic temperatures. In the

second section, a special setup for the measurement of the expansion of a piezoceramic

is presented.

6.1 Low temperature applications

Some applications require keeping track of the target movement when the ambient

temperature is changed by several hundreds Kelvin. This is probably the most critical

process since deformations of the cavity might lead to a loss of position information.

In order to demonstrate the immunity of the interferometer system against these

temperature gradients, a titanium cavity was repeatedly cooled down from room

temperature (297 K) to 79 K using liquid nitrogen. Figure 6.1 (a) shows the displace-

ment measured with three different cavities and (b) the corresponding temperature.
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Figure 6.1: Demonstration of the robustness to large temperature gradients. (a) Cavity
expansion and contraction as a function of time measured when heating and cooling a
titanium cavity operated in double pass mode. (b) Corresponding temperature.

The cavity mirrors have a working distance of 10 mm, 20 mm and 50 mm. The

measurement shows that the system is well suited to meet the requirement in low-

temperature applications.

Microscopy applications at low temperatures rely on piezoelectric actuators which

scan the sample under test. This requires actuators moving very linear and without

any backlash, which, in practice, do not exist. In a further test, by way of example,

the backlash of a piezoelectric positioner actuating at liquid helium temperature was

characterized. For this purpose, a prototype positioner that moves in the Z direction

was placed in a vacuum tube and equipped with three mirrors as depicted in fig-

ure 6.2 (a). Three independent interferometer axes are used to simultaneously track

movements in the X, Y and Z direction. Because of the constrained space within

the tube, two passive reflectors are necessary for tracking displacements in the X

and Y direction. Plotting all three axes against each other reveals a hysteresis of

the movement encountered when reversing the direction of motion. This is shown in

figure 6.2 (b), where the gray curves show projections to the coordinate planes. The

hysteresis shows up in a lateral backlash of about 1 µm. The measurement have been
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Figure 6.2: Measurement of the backlash of a positioner moving in the Z direction. The
setup is placed in a vacuum tube and cooled down to liquid helium temperature (4 K).

performed by Dr. Claudio Dal Savio and Dr. Francesca Paola Quacquarelli in the

attocube labs.

Such an interferometric system can be used in low-temperature microscopes toPiezo voltage (V)                                 Displacement (µm)Displacement (µm)Piezo voltage (V) 6004020 04020 0           20           400           20           40          60(a)                                                         (b)
Figure 6.3: Image correction by interferometric piezo linearization. (a) AFM topography as
a function of the voltage on the scanner piezo. (b) AFM topography as a function of the
measured displacement of the scanner.

actively compensate for any unwanted mechanical nonlinearities during surface sam-

pling by means of a feedback control. An example for this is the sampling of a probe

by means of a piezoelectric scanner in atomic force microscopy (AFM). Figure 6.3

exemplary shows the linearization of the topography of a grating structure by post-

processing of the data. As the piezo doesn’t expand linear with the applied voltage,
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plotting the height data against the applied piezo voltage leads to nonlinearities. This

can be circumvented using the interferometric position information from both scan

directions instead of the applied voltage. An adequate feedback control would make

the post processing superfluous.

6.2 Differential interferometer

A different application is the measurement of the piezoelectric expansion of a piezo-

ceramic with sub-nanometer resolution. When applying a voltage, the piezoceramic

material expands and usually also bends. In order to eliminate the effect of bending,

the expansion is measured in a differential configuration of two vertically aligned in-

terferometer axes. The main difference between the measurement system that was

presented so far and the system that is presented in this section is that this time

not the laser wavelength is modulated, but the target position. The target position

modulation is based on the displacement provided by piezoelectric actuators. The

difficulty herein is to measure directly on the piezo surface in order not to affect

the result. The setup is configured to operate the measuring system in two different

modes providing different measurement precision and range. The first measurement

method is very similar to the DC/Ω quadrature detection scheme based on the direct

and demodulated signals, with the difference that this time the position of the target

rather than the wavelength is modulated. The second method theoretically provides

a higher accuracy and is based on the demodulation of the signal around the max-

imum slope of the interference signal. Unfortunately, no measurement data can be

shown for this method, therefore this section is limited to the description of the basic

concept.

6.2.1 Vibrometer setup

The differential vibrometer setup is schematically shown in figure 6.4. Figure 6.5

shows the practical implementation. It allows measuring the displacement of the

sample piezo from both the upper and the lower side. The sample is therefore placed

on a middle table with a through-hole for the lower laser beam. The measurement is

made directly on the sample surface which has a certain roughness and reflectivity.

This is enabled by the use of two focusing sensor heads providing laser beams that
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are focused to the respective sample surface. A specialty of the setup is that the

upper sensor head, the sample table and the lower sensor head can be displaced

in Z direction by means of the piezoelectric actuators Piezo U, Piezo M and Piezo

L. The fiber circuit provides two outputs for the simultaneous measurement of theDFBLaser D1FC3 FC1Dataevaluation +Instrumentcontrol D2 FC2 XYPiezo MPiezo UPiezo LDEMOD 2
Ω

LPF 1DEMOD 1
ΩLPF 2 Vcos(Ωt)

ULUU
UMSample piezo THV amp.HV amp.DC+ACHV amp.DC XYZ

Figure 6.4: Differential vibrometer setup for the measurement of the piezoelectric expansion
of different sample piezoceramics. The displacement is measured directly on the sample
surface and from both sides of the sample. The measurement results of both channels are
subtracted from each other in order to cancel the effect of sample bending. Due to the
high surface roughness of the samples, two focusing sensor heads were used. As the laser
wavelength is fixed in this setup, both sensor heads are mounted to piezoelectric actuators
which are able to displace the sensor heads in Z direction. The electronic setup includes two
demodulators DEMOD 1 and 2, two low-pass filters LPF 1 and 2, one oscillator providing
a voltage U cosΩt and three high voltage amplifiers HV amp. The optical setup includes
three fiber coupler FC1, FC2 and FC23 and two detectors D1 and D2.

displacement of two interferometric axes. The light from these outputs is routed to

the sensor heads and the reflected interference signal is detected at the detectors D1

and D2. From there, the signal is input into a low-pass filter and a demodulator

demodulating at the frequency Ω. A processor in the data evaluation unit then
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converts the measurement signals into displacements. By subtracting the measured

displacement of the upper sensor head from the displacement of the lower sensor head,

the effect of sample bending is eliminated, thus revealing the actual piezo expansion.

The data evaluation and instrument control unit further provides outputs for the

control of the piezo bias voltage (DC) and for the high frequency modulation (AC)

which provides a voltage V cos (Ωt). In particular, it may provide a voltage ramp

in order to scan over a desired voltage interval. The setup moreover includes high

voltage amplifiers in order to cover voltages up to about 100 V, since usual control

circuits only provide voltages with single digit amplitude. In the next two sections,XYPiezo LSample piezo TFocusing sensor headPiezo M
Figure 6.5: Technical drawing of the differential vibrometer setup. The two sensor heads are
configured to focus the laser beam on the sample piezo surface.

the two different measurement methods are described.

6.2.2 Long range measurements

The first measurement method is well in accordance with the quadrature detection

scheme which uses the direct and demodulated signal. In contrast to the wavelength
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modulation technique used in the interferometer presented in the rest of this work,

the interference intensity modulation originates this time from a modulation of the

mirror distance δx, according to the first term in equation 2.27. The modulation of

the mirror position, by the way, has the advantage that the modulation depth no

longer depends on the cavity length, meaning that also ultra short short cavities are

feasible. The modulation depth is in this case given by

δΦ =
4pπ

λ
δx (6.1)

and is no longer a function of the fiber to mirror distance x.

Before each measurement, a calibration of both interferometric axes has to be

performed. This is necessary in order to normalize the measurement data which will

be taken from the test piezo. Therefore, both the AC and DC voltage are applied to

the middle piezo and the DC bias voltage is scanned over a range which is large enough

so that the shift of the interference phase angle is at least 2π. The data evaluation

unit then determines both minimum and maximum of the direct and demodulated

voltage provided by the filtered interference signal and the demodulator, respectively.

For the sample piezo measurement, the AC voltage is applied to the middle piezo

whereas the DC voltage is applied to the test piezo. The DC voltage is then scanned

over the desired voltage range and the direct and demodulated detector voltage is

recorded from both interferometer channels. The data evaluation unit normalizes the

test data by using the offset and scaling values from the calibration. Then, the phase

angle change of each measurement value is calculated and summed up. A look-up

table containing the phase deviations resulting from nonlinearities can be applied to

the phase data in order to increase the measurement accuracy. The final displacement

is calculated using equation 2.44.

The resulting hysteresis loop for an arbitrary piezoceramic stack is shown in figure

6.6. The voltage applied to the piezo was scanned between 0 and 45 V, resulting in

an expansion of about 100 nm.

6.2.3 Short range measurements

The high position sensitivity around the maximum slope of the interference signal

can exploited in order to achieve a higher accuracy compared to the long range mea-

surement method. When applying the AC voltage to the test piezo, the amplitude

of the demodulated signal depends on the transfer function between input voltage
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Figure 6.6: Piezo hysteresis of a piezo stack. The displacement was measured from two sides
in a differential configuration allowing to eliminate the effect of bending.

and expansion and is a measure for the slope of the expansion-voltage characteristic.

The recovery of the total piezo displacement is therefore based on locally deriving

the slope of the expansion-voltage characteristics and subsequent integration of the

result. Modulation of the test piezo around a certain bias voltage UT and subsequent

demodulation of the interference signal yields the derivative ds/dU of the expansion s

of the test sample with respect to the applied DC voltage UT. The total displacement

can be calculated by integrating over the derivative ds/dUT. The derivative ds/dUT is

measured by placing it between two vertical arranged interferometers and calculating

the difference between the derivative dxU/dUT and dxL/dUT of the upper and lower

interferometer, respectively. The differential configuration is again used in order to

compensate the effect of sample bending.

In this measurement method, the differential expansion of the test piezo is mea-

sured as a function of the DC bias voltage applied to the test piezo. Therefore, the

test piezo is modulated with the frequency δUT sin (Ωt) around the bias voltage UT.

If the displacement modulation amplitudes δxU and δxL are small with respect to

λ/4 (δx << λ/4), then there is a linear correlation between the interference inten-

sity modulation δIU and δxU and between δIL and δxL. The signal intensity of a

Michelson interferometer (two beam interference) is given by

I(x) =
I0
2
+ C

I0
2
cos {2kx} . (6.2)
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The derivative of this function is

∂I

∂x
= −CI0k sin (2kx), (6.3)

which becomes

(∂I/∂x)max = ±CI0k (6.4)

at the maximum slopes. This yields the linear correlation between the displacement

modulation amplitudes δx and the modulated intensity δI according to

δx =
δI

CI0k
. (6.5)

This relation is valid for a very small voltage range of the test piezo, where the

intensity is proportional to the displacement. Since it would be very troublesome to

readjust both sensor heads to the maximum slope after each recorded value of δI, the

following assumption can be made in order to extend the linearity range of equation

6.5. For higher voltages, sin(2kx) is approximated by using the direct signal I as

follows:

I = I0
1 + C cos(2kx)

2
= I0

(

1 + C
√

1− sin2(2kx)

2

)

⇒ sin(2kx) =

√

1−
(
2I − I0
CI0

)2

(6.6)

This means that the direct detector signal can provide information about the deriva-

tive, which can be used to linearize the demodulated signal around the point of

maximum slope. In this way, the relation of equation 6.4 can be rewritten in terms

of the direct detector signal I.

δx = − δI

CI0k sin (2kx)
= − δI

CI0k

√

1−
(

2I−I0
CI0

)2
(6.7)

To obtain the final derivative dx/dU , δx has to be divided by the oscillation voltage

δUT. In this step, it is important to make sure to divide equal magnitudes, i.e. either

the RMS amplitudes δxrms and δUrms or the peak-to-peak amplitudes δxpp and δUpp,

which are related by δxpp =
√
8 · δxrms.

Before starting the actual measurement, the direct detector signal has to be normal-

ized. This requires the determination of C and I0 in both channels, which is achieved
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by applying the AC modulation voltage and DC bias voltage to the middle piezo and

scanning the DC voltage over a range large enough so that the interference signal goes

at least through one full interference fringe. The measurement data are then used to

determine Imin and Imax, from which I0 and C are deduced according to equation 2.13

and 2.14. Furthermore, the position of both sensor heads must be adjusted in such

a way that they operate at the same edge of the interference signal, i.e. either both

operate at the rising edge or on the falling edge. If this step is not performed, both

channels might show a different sign, thus providing a wrong measurement result. In

the setup, the height of both sensor heads is adjusted by means of the upper and

lower piezo, respectively. Both sensor heads are brought close to the maximum slope

of the interference signal. When changing now the height of the middle piezo, the

interference intensity in both channels must either increase or decrease. If this is not

the case, one of both sensor heads must be displaced by λ/4.

For the actual test piezo measurement, the AC modulation voltage and DC voltage

are applied to the test piezo and the DC voltage is scanned over the desired voltage

range. The displacement should therby not exceed about ±λ/16 around the maxi-

mum slope.

Improvements could be achieved by adding a feedback loop that controls the po-

sition of both sensor heads so that they are continuously operating at the point of

maximum slope. The short range post-processing program enables to measure the

derivative of displacements of a piezo with respect to the applied voltage with a sen-

sitivity of about 200 pm within a range of about 100 nm. Larger displacements can

not be measured.
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7 Conclusion and Outlook

In this work, a novel fiber-based low-finesse Fabry-Pérot interferometer system for

the measurement of relative and absolute positions has been developed and investi-

gated on its characteristics. It breaks through the limitations given by current laser

interferometers in terms of compactness, robustness, usability, industry scalability

and costs. The system consists of an all optical sensor head and a remote process-

ing unit, including fiber optical circuit, position processing electronic and wavelength

stabilization electronic.

The theoretical considerations at the beginning of this work provide the fundamen-

tals of the interferometer, which help understanding the fundamental limitations of

the interferometer system. A relativistic treatment of the interference phase demon-

strated that the phase shift measured during target displacement is solely attributed

to the Doppler effect. An important conclusion that can be drawn is that the time t

must be separated from the place x when using the plane wave equation in order to

describe the light reflected off a mowing object. This means that expressions of the

form x = x(t) are invalid, i.e. the place mustn’t be a function of time. This knowl-

edge will avoid future misinterpretations with respect to calculations of the impact

of moving objects on the interferometer position reading. Apart from that, a special

quadrature detection scheme based on the wavelength modulation of light was intro-

duced. Through demodulation of the wavelength modulated interference signal, a 90◦

phase shifted signal is created. Both the phase shifted demodulated and the low-pass

filtered signal form a Lissajous figure whose angle represents the interference phase.

Compared to other interferometers, this technique allows generating a quadrature

signal without the use of optical components such as retardation plates. However,

it was shown that this advantage is at the expense of the working range, which is

limited to small and large distances, according to a range between few millimeters

to several meters. It was further shown that the reflected signal of the fiber coupled

Fabry-Pérot cavity depends on the target reflectivity and on the coupling efficiency
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of the reflected light. In order to predict particular features such as the signal con-

trast or nonlinearities, a computational model based on an optical design software

was developed. This model allows characterizing new sensor head configurations in

advance, without the need for prototyping and extensive testing.

During this work, several prototypes of the interferometer system have successfully

been realized. Different to most common laser interferometers, the system in this work

uses a semiconductor diode laser operating in the telecom wavelength range. Optical

components in this wavelength range are cost-effective and therefore well suited for

industry applications, but the low frequency stability of the laser requires that its

wavelength is actively locked to a reference molecular absorption gas cell. What in

the beginning was considered as a disadvantage, soon emerged as a great opportu-

nity for the implementation of a signal normalization procedure and of an absolute

distance measurement, constituting a great innovation in the field of displacement

interferometry. By actively locking the laser wavelength to a known reference, the

laser stability becomes comparable with that of gas lasers used in commercial inter-

ferometers. The high bandwidth of the interferometer makes it well suited for high

speed and vibrometry applications. The interferometer includes a real-time interface

capable of running different protocols which were described in detail. This should

help future users choosing the right protocol. As most interferometers are operated

in ambient conditions, an algorithm based on the environmental data provided by a

weather station was developed and its correct operation was verified experimentally

in a closed chamber and by comparative measurements performed at the PTB.

The compactness and robustness of the interferometer system result mainly from

the simple structure of the sensor head, which is remotely connected with the in-

terferometer by means of an optical fiber. The sensor head includes nothing more

than a titanium housing and a lens for beam shaping. Since the sensor head forms a

Fabry-Pérot cavity with the target reflector, no reference arm, and as a consequence

no beam splitter or wave plate, is required. This fact allows the miniaturization of

the sensor head and its use in extreme environments. The sensor head has proven

to be adaptable to a wide range of applications. Depending on the application, the

light emitted by the fiber can be either collimated or focused. The focused beam is

mainly used for measurements on small size or rough targets or on targets with a

reflectivity lying between that of glass or aluminum. The collimated beam is used

for measurements over large ranges and can be used with a retro reflector or a plane
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glass target. It was shown that the collimated sensor head forms a double pass cavity

when used in combination with a high reflective plane target and that this configu-

rations has a large angular alignment tolerance. Simulations conducted in this work

have shown that the angular alignment tolerance of the double pass sensor head is

not constant as a function of the working distance, it rather decreases with increasing

working distance. As a consequence, the permitted measurement range of this special

configuration was limited to 100 mm.

A general limitation of displacement interferometry is the missing possibility for

referencing to an absolute position. This problem was solved using a novel dual laser

interferometer which eliminates the ambiguity of a single wavelength interferometer

by combining frequency tuning interferometry with dual wavelength interferometry.

This new approach builds on the fiber-optic displacement measuring system and is

therefore compatible with the sensor head technology described in the last paragraph.

The interferometric determination of the absolute position includes three steps: Per-

forming a coarse absolute distance measurement by sweeping the wavelength of one

laser and tracking cavity drifts with the other laser, assigning a fringe number to the

beating wavelength created by the two wavelength stabilized lasers, and assigning a

fringe number to one of the two laser wavelengths. In this way, an absolute distance

in the sub-meter range can be measured with a repeatability of ±3 nm, provided that

the cavity is in a vacuum. The difference to the known wavelength tuning interferom-

etry is the capability to track position changes during the wavelength sweep. Since

cavity drifts contribute with an leverage factor of about 103, the robustness and accu-

racy of this wavelength tuning measurement was significantly increased, thus making

this process suitable for integration in an industrial environment. Another difference

to known multiple wavelength interferometers is the elimination of the ambiguity by

means of wavelength tuning interferometry. Information about the absolute position

is not only useful for referencing of an moving object. It is also required for the

refractive index compensation or can also be used for open loop control of internal

parameters, such as the wavelength modulation amplitude. A cut-down version of

this new technology, namely an absolute distance measurement by wavelength tuning,

has already been successfully implemented in the IDS3010 where it is used for the

ECU and for the control of internal parameters. This has significantly improved the

user-friendliness and the robustness of the measurement.

In future, the key challenge of this technique and of interferometry in general will
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be the direct measurement and compensation of the refractive index the light ex-

periences on its way through the cavity. This work already includes an exemplary

calculation for the use of a separate refractometer cavity. However, local air turbu-

lence will introduce errors in the compensation process, making a direct measurement

along the beam path necessary. Another future task will be the verification of the

absolute distance measurement technique at ambient conditions. So far, all measure-

ments were solely performed in a vacuum. Another topic that was not yet considered

in this work is the investigation of parasitic cavities and the coupler crosstalk in the

fiber circuit. The results might be helpful for the reduction of the position noise

level. In the foreseeable future, one important topic will be the correction of periodic

nonlinearities arising, for example, from multiple reflections in the cavity, enabling

a measurement accuracy in the sub-nanometer range. This requires filling a look-up

table located in the FPGA, containing information about the phase angles and their

associated phase correction term. Part of the ongoing work targets the extension of

the working range up to 30 m. The main problem that has to be solved is the limited

speed which is associated with with the filter settings at far positions. Since the

phase noise scales linearly with the distance, the filter must have steeper edges the

longer the cavity is. This, however, reduces the maximum speed the interferometer

can track.
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