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Abstract 

In the first part, a novel full-dynamic phase-demodulator for heterodyne 

interferometric vibration measurements is described. Contrary to a conventional 

phase-demodulator, which has a limited dynamic range of ± 90*, the proposed 

phase-demodulator has an unlimited dynamic range. This allows to recover 

phase information for displacements of the surface under test which are much 

greater than the wavelength of light. An analog version with a cut-off frequency 

of 6.7 kHz and a digital version of the phase- demodulator have been developed. 

The digital version of the full-dynamic phase-demodulator has an extended 

frequency response up to one half of the heterodyne frequency. For a carrier-to-

noise ratio of 70 dB within 3 kHz bandwidth, we measured a phase noise of less 

than 3 urad/vHz, for the analog version, and 5 iirad/VHz, for the digital version. 

The performance of both versions of the phase-demodulator are analyzed and 

several examples illustrate how well our vibration measurement system can be 

used to study complex movements of objects. 

In the second part, an original signal processing method to determine the center 

position of white-light fringe signals is presented. This is achieved in two steps. 

First, the center of gravity of the signal power is calculated to better than half a 

fringe period. Second, the phase of the fringe signal is determined to get the exact 

center position of the white-light fringes. For the implementation of this method, 

we introduce an optimum sampling concept, which is based on synchronous 

sampling with four samples per fringe period. The theoretical predictions for 

systematic and statistical errors are compared with computer simulations. 

Experimental results show, that the proposed signal processing is simple to 

operate, fast, accurate and extremely noise resistant. Finally, we apply this signal 

processing scheme to absolute force measurements using the induced 

birefringence in a optical monomode fiber. Here, the polarization interferometer 

is composed of a Wollaston prism to compensate the phase retardation induced 

by the force. 
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chap.l: Introduction 1 

1. Introduction 

In the preamble to this introduction, we would like to cite a part of the preface to 

the proceedings of a SPIE conference on Laser Interferometry [1.1], 

"The continued drive for higher performance and greater reliability 

of devices, structures and processes places stringent demands on the 

methods used in their development and operation. Optical 

metrology is a major and inseparable part of these methods. 

Interferometry is an essential field of optical metrology and relates 

more and more to industrial applications." 

Before interferometry has become an important technique to provide high 

resolution and high accuracy measurement systems, both for scientific and 

industrial applications, an impressive amount of research had been carried out by 

many famous scientists. Indeed, the history of optical interferometry extends over 

more than three hundred years since the first description by Boyle and Hooke in 

the second half of the 17th century of what is actually known as "Newton rings" 

and the first development of wave theory by Huyghens in 1690. Therefore, since 

three centuries, optical interferometry is intimately linked to history of science 

and it has played a crucial role in the development of several important chapters 

in science and engineering. 

Until the early 1960's, the light source of choice for interferometry was the 

mercury arc lamp followed by a filter to select the green line and a pinhole to 

increase the spatial coherence. If this source was very helpful for laboratory 

experiments, its poor spatial and temporal coherence, and in addition, the very 

low intensity available, limited the number of industrial applications. But in 

1960, with the advent of lasers, an intense light source with a high degree of 

spatial and temporal coherence was, for the first time, available. Since that time, 

optical interferometry has been applied to an incredibly large range of 

applications, as can be seen from the large number of books, scientific papers, 

patents, etc., devoted to this subject. 

One main issue for laser interferometry is related to the electronic processing and 

the analysis of the interference signal. Indeed, the measurement accuracy depends 

strongly on the signal processing unit (hardware and/or software) employed to 
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recover the phase information from the interference signal. The initial 

motivation behind the work presented in this thesis emerges directly from the 

application of interferometric methods in two practical applications, where the 

signal processing for optical phase detection plays the leading role to reach the 

required specifications of the whole measurement system. 

The first part of this thesis deals with the application of heterodyne 

interferometry to highly accurate vibration measurement. Indeed, the 

interference of two waves of slightly different frequencies produces a beat signal. 

Since measurements of either the frequency or the phase of this beat signal can be 

made with very high precision, such heterodyne technique allows to achieve 

fringe interpolation to better than one thousandth of a fringe. The work 

developed in this thesis follows directly earlier studies carried out several years 

ago by J.-F. Willemin [1.2 and 1.3]. In this previous development, the interference 

signal was demodulated using a frequency-demodulator to recover the 

modulation which is proportional to the instantaneous velocity of the vibrating 

object. Unfortunately, with a FM-demodulator the displacement sensitivity 

decreases with frequency. Although tolerable for frequency vibrations greater 

than a few hundreds of Hz, this limitation is a severe drawback for studying 

vibrating objects at low frequencies. Since many drawbacks of the measurement 

system based on FM-demodulation are given by the demodulator itself, it was 

decided to develop a novel demodulator based on phase-demodulation rather 

than frequency-demodulation. The concept and circuit design of the phase-

demodulator presented in this thesis has been undertaken by J.-F. Willemin and 

R. Dändliker. One main advantage of the proposed full-dynamic phase-

demodulator is its unlimited dynamic range. This allows to recover phase 

information for displacements of the surface under test which are much greater 

than the wavelength of light. Moreover, a digital approach to phase-

demodulation was developed to increase the throughput speed up to one half the 

heterodyne frequency. Two nearly identical phase-demodulators were built. One 

of them was transferred to USA and is actually tested by S. M. Khanna at the 

Columbia University, New York in a heterodyne interferometer for accurate 

measurements of the mechanical vibration of individual cells in the organ of 

Corti (inner ear) [1.4]. 

The main drawback of classical laser interferometry is the incremental manner of 
measuring, resulting from the periodic nature of the interference signal. Various 
techniques have been developed to overcome this severe limitation and to obtain 
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absolute (non-incremental) measurements with interferometric accuracy over 

long distances. One of these techniques is white-light interferometry, where a 

broadband source is used instead of a laser. The second part of this thesis is 

devoted to the description and analysis of a novel type of signal processing, 

particularly adequate for electronically scanned white-light interferometry. In this 

method, the interferogram is projected onto a photodiode array and is scanned in 

space rather than in time. The absence of moving parts in the interferometer 

increases the mechanical stability of the system and reduces its complexity. In the 

framework of a research project with the company Hilti AG (Schaan, 

Liechtenstein), a polarizing interferometer for absolute force measurements 

using the induced birefringence in an optical fiber has been developed. For this 

application, we introduced an elegant solution for the receiving interferometer, 

using a Wollaston prism to compensate the phase retardation which is induced 

by the force. Two patent applications were submitted in the framework of this 

project [1.5,1.6]. 

Chapter 2 presents a general overview of high resolution interferometric 

techniques. We specially emphasize the influence of the light source on the 

interference signal detected at the interferometer output. The possibility to extend 

the range of non-ambiguity for absolute measurements using either multiple-

wavelength or white-light interferometry is exposed. 

In chapter 3, the full-dynamic phase-demodulator for heterodyne interferometric 

vibration measurements is described. The signal processing program employed to 

recover off-line the phase information is also presented in this chapter. After a 

complete description and analysis of the demodulator, several examples are 

shown to illustrate how well our vibration measurement system can be used to 

study complex movements of objects. 

Chapter 4 is dedicated to the study of the signal processing for white-light 

interferometry. The behavior of this signal processing in presence of noise is 

analyzed and solutions to improve its performances are proposed. Finally, a 

white-light interferometer is used for absolute measurements of force using the 

induced birefringence in a monomode optical fiber. 

The research projects were partially supported by the Commission pour 

l'Encouragement de la Recherche Scientifique (CERS Project 1905.1) and by the 

Swiss Priority Program "OPTIQUE". 
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2. High resolution interferometric 
techniques 

An extraordinary variety of measurements can be made using optical 

interferometers [2.1, 2.2, 2.3], Indeed, interferometry is a fast and highly accurate 

measurement technique, which has been used in many scientific and industrial 

metrology problems. Actually, interferometric sensors continue to be the subject 

of an intense research and development effort. New applications have been 

grown up by the use of optical fibers to create fiber versions of classical 

interferometer configurations, such as two-beam Michelson, Mach-Zehnder, 

Fizeau, Fabry-Férot and Sagnac interferometers [2.4]. Moreover, using single 

frequency laser diodes leads to the development of compact and accurate sensors 

[2.5, 2.6]. Yet another very interesting improvement for interferometry that begins 

to appear is the new development of smart detectors for optical metrology with 

pre-processing electronics on chip [2.7, 2.8]. Today, examples of current 

applications for optical interferometric systems are highly accurate measurements 

of length or displacement [2.9], absolute distance [2.10, 2.11, 2.12, 2.13] and 

vibration [2.14], optical-surface testing [2.15], surface profilometry [2.16, 2.17], 

measurements of temperature, strain and pressure [2.18, 2.19], velocity 

measurements of fluids [2.20]. 

The aim of this chapter is to provide an overview of interferometric techniques. 

The first two paragraphs will shortly summarize the basic properties of 

electromagnetic waves and cover such topics as interference between two 

monochromatic light beams, the interference of partially coherent light and the 

concept of optical coherence. In the next paragraphs, we will describe the 

influence of the spectral characteristics on the interference signal, this for 

different types of light sources, namely: single frequency or highly coherent 

source, multiple-wavelength source and broadband or white-light source. We 

will also see that two major and fundamental problems associated with the used 

of highly coherent source in interferometry are their short unambigous operating 

range and the inability to identify the interference order when the source is 

switched on and off. The use of multiple-wavelength and white-light sources can 

help to overcome these drawbacks, and as a result, to extend both the range and 

utility of such sensors. In this part, we will specially emphasize the influence of 

the source on the interference signal observed at the interferometer output. 
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2.1 Electromagnetic waves 

To simplify the purpose, we only consider the propagation of an electromagnetic 

wave in a linear, homogeneous and isotropic medium. In this situation, the 

electric field E and the magnetic field H of the electromagnetic wave lie in a plane 

normal to the direction of propagation [2.21]. Moreover, E and H are 

perpendicular and the magnitudes of the electric and magnetic fields are related 

by (H| = T/e£(j/uu0 [E], where eo is the electric permitivity of vacuum, e is the 

relative permitivity of the medium, jxo is the magnetic permeability of vacuum 

and u is the relative permeability of the medium [2.21]. Using a scalar 

representation, the electric field E(r, t) of a monochromatic electromagnetic wave 

can be written as 

E(M)= ' 1 (&-)' Re(U(M)], (2.1) 72 Uw 

where r is the position vector and t is the time. The complex wavefunction U(r, t) 

can be express in the form 

U(r, t) = V(r)exp(i2nvt), (2.2) 

where v is the frequency of the electromagnetic wave. The frequency v is related 

to the wavelength of the wave by v-X = co/n, where CQ =1/^JEQ\LQ is the velocity 

of the light in free space and n = -^qx is the refractive index of the medium. The 

time-independent factor V(r) is called the complex amplitude and can be 

reformulated as 

V<r) = V0(r)exp[i<p(r)], (2.3) 

where Vn(r) is the amplitude and <p is the spatial dependent phase of the wave. 

The optical intensity I(r, t), defined as the optical power per unit area, is 

proportional to the average of the squared wavefunction [2.22], namely 

I(r,t) = {|U(r,t)|2), (2.4) 

where <•> denotes averaging over a time interval that is much longer than an 

optical period 1/v. Substituting Eq. (2.2) into Eq. (2.4), it can be shown that the 
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optical intensity of a monochromatic wave is the absolute square of its complex 

amplitude, namely 

I<r) = |V(r)|2. (2.5) 

It should be noted that the intensity of a monochromatic wave does not change 

with time. 

The simplest solutions of the Helmholtz equation in a homogeneous medium 

are the plane and the spherical waves [2.22J. In general, the complex amplitude of 

a plane wave can be expressed as 

V(r) = V 0expHnk-r] , (2.6) 

where n is the refractive index of the medium and k = (kx, ky, kz) is called the 

wavevector. The magnitude of the wavevector is equal to 

k = ̂  = ^ , (2.7) 
X c0 

where co is the velocity of the light in free space. Using Eqs. (2.5) and (2.6), the 

intensity of a plane wave is simply given by I = Vo2. One important practical case 

of Eq. (2.6) is a plane wave propagating in the z-direction. In this situation the 

complex amplitude is expressed as 

V(z) = V0 exp(-inkz) = V0 e x p f - i n ^ z J. (2.8) 

2.2 Interference phenomena 

From the linearity of the wave equation and the Helmholtz equation, it follows 

that when two or more electromagnetic waves are present simultaneously in a 

same point of space, the total wavefunction is the sum of the individual 

wavefunctions. As we will see in the next paragraphs, this principle of 

superposition is not applicable to the optical intensity. Indeed, the total intensity 

is not necessarily the sum of the individual intensity. This situation is a common 

characteristic to all interference phenomena. 
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2.2.1 Interference between two monochromatic waves 

We consider two monochromatic waves V1(I-) and V2(r) of same frequency v. The 

result of the superposition is a monochromatic wave of frequency v with a 

complex amplitude V{r) = Vi(r) + V2(r). Following Eq. (2.5) the total intensity is 

given by 

I = (V1 + V2J
2 = Iv1P+[V2I2 + 2Re[V1V2]. (2.9) 

Substituting the complex amplitude of each wave into Eq. (2.9), namely 

V1=^lTeXp[I(P1] and V2=Vi2
-CXp[I(P2], (2.10) 

where li , I2 and (pj, (p2 are the intensity and the phase of the individual light 

beams, respectively, we obtain 

I = I1 +12 + 2VUI2
-COS(C), (2.11) 

with 9 = q>2-<pi-

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
<p/2ji 

Fig. 2.1 Interference signal due to the superposition of two 

monochromatic waves. 

This relation is of primordial importance. It shows that the total intensity due to 
the superposition of two monochromatic waves is equal to the sum of individual 
intensities plus a term which is proportional to the cosine of the phase difference 
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between the two beams <p as drawn in Fig. 2.1. The last term in Eq. (2.11) is 

attributed to the interference between the two waves. The visibility F of the 

interference fringes is defined by the relation 

I m n v * -Imi« 

where 0 < T < 1. In the present situation, from Eq. (2.11) and (2.12), we obtained 

r = ̂ fk, (2.13) 
n + 1 2 

which is equal to T = 1 only when Ii = I2-

2.2.2 Interference of two partially coherent waves 

If we consider the superposition between a partially coherent wave ArU(t) and a 

portion of itself but delayed by the time x, A2-U(t+T), where Ai and A2 are 

constants, a separate fringes system is produced for each wavelength and the 

interference signal can be interpreted as a weighted superposition of 

interferograms produced by each of the monochromatic component of the beam. 

Mathematically, the average intensity of their sum is 

I = (IA1U(I) + A2U(t + l)]2) = l 0 l + 2 ~ ^ R e [ g ( T ) ] | , (2.14) 

where Io = (|U(t)| } = (U (t)U(t)i and g(t) is the complex degree of temporal 
coherence [2.23]. The complex degree of temporal coherence is a measure of the 
degree to which U(t) and U(t+x) are correlated and is given by 

(U*(t)-U(t + T)\ 

(U( t )U( t ) ) 

The magnitude of g(x) cannot exceed unity, 0 £ |g(t)[ < 1. When |g(x)| decreases 

monotonically with %, the value at which it drops to a defined value, in general 

1/2 or 1/e, is known as coherence time xc. The coherence length Ic of the source is 

defined as the distance covered by the light during the time Tc in free space, that is 
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Ic = co-Xc- Using the Wiener-Khinchin theorem [2.23], it is easy to relate the 

complex degree of temporal coherence g(T) to the power spectral density of the 

source S(v) by 

[ dvS(v)exp[i2irvx] 
g ( T } = JQ . ^ g j 

jodvS(v) 

Thus the power spectral density of the source and the complex degree of temporal 

coherence form a Fourier transform pair. Following Eq. (2.14), a typical white-

light fringe signal is depicted in Fig. 2.2, where we assumed a Gaussian shape for 

the power spectral density and Ai = A2 = 1. 

I 1 r — 1 1 1 1 1 1 1 r 

T [arb. units] 

Fig. 2.2 Typical white-light interference signal. 

2.3 Interferometric techniques 

As already mentioned, interferometric measurements are made, in most cases, by 

interfering two optical beams so that the phase difference <p between the two 

beams is proportional to the quantity being measured. This class of optical phase-

sensitive instruments uses the wavelength of the light source as the length 

standard. In fact, the problem behind precise phase measurement seems clear: 

following Eq. (2.11) we detect the optical intensity I {interference signal) and we 

want to determine the phase difference 9. Although this problem appears simple, 
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many difficulties must be overcome to get a reliable and outstanding 
interferometric measurement system. 

There are two basic tasks in building a interferometric sensor: (a) design the 

transducer so that the measured phase is proportional to the desired physical 

parameter and does not depend on other physical quantities, and (b) devise an 

appropriate mean for processing the measured data from the transducer. The art 

of the engineer consists of imaging a measurement system which fulfills the 

requirements, keeping in mind that the optics and mechanical components must 

be small, simple and rugged, and to embody whatever complexity is needed to 

process the interference signal. 

2.3.1 One-wavelength interferomerry 

Let us consider the classical Michelson interferometer, illuminated by a highly 

coherent source, as sketched in Fig. 2.3. 

Ml 

source 

detector 

*-±-+ 

M2 

Y 
Fig. 2.3 Michelson interferometer. 

From Eq. (2.11), the interference signal is given by 

I = I1 +1 2 + 2 ^ ¾ cos((p) (2.17) 

where Ii and I2 are the intensity of the two individual interfering beams. The 

interference phase 9 depends directly on the path difference L and can be 

expressed by 
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ç = n y 2 L , (2.18) 

where n is the index of refraction of the medium. It can be seen from Eqs, (2.17) 

and (2.18), that the interference signal is a periodic function of the distance L with 

a period equal to X/2 (n = 1). This establishment leads to an important drawback 

of one-wavelength interferometers. The non-ambiguity range is limited to a 

phase difference of tp = it, or in other words, these measurement systems have a 

position ambiguity of m>./4, where m is an integer. If the mirror displacement is 

greater than the non-ambiguity range, the distance can be determined by counting 

the number of periods. Moreover, when an optical system is used to produce two 

interference signals which are in quadrature, an accurate estimate of the 

fractional fringe order can be made [2.24]. This is why these kind of 

interferometric sensors, which use monochromatic sources, are widely employed 

as displacement sensors (length measurement), for vibration measurements and 

also in the field of interferometric profilometry to inspect sample surface for 

quality control purposes. 

As we will see later (chapter 3), heterodyne techniques are very useful for the 

detection at very low-level of light intensity. In one method, a frequency 

difference between the two interfering waves is introduced by a pair of acousto-

optic modulators operating at slightly different frequencies. For this situation, the 

two interfering beams can be expressed by their complex wavefunctions 

U1 = V1 exp[i2jw1t] = V10 exp[i{2 «Vit+Ip1)], (2.19) 

and 

U2 = V2 exp[i2rcv2t] = V2O exp[i(2ïtv2t + <p2 )]. (2.20) 

Substituting Eqs. (2.19) and (2.20) into Eq. (2.4), the interference signal becomes 

I = I1 +12 + 2-fifc COS[2JC(V2 - V1)I + <p] (2.21) 

where Ii = V10
2, I2 = V20

2 and q> = <p2-<pi. We note that in heterodyne 

interferometry the phase difference <p is equal to the phase of a beat signal [see Eq. 

(2.21)], contrary to homodyne techniques where the phase difference <p is 
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translated into a sinusoidal variation of the intensity [see Eq. (2.17)]. This 

implicates several advantages of heterodyne techniques. Indeed, the problem of 

the phase interpolation can be solved easier, and the sign of o can also be 

measured. This means that using heterodyne interferometry, the direction of the 

movement can be determined. Moreover, the interference term is an ac 

component and it is thus well separated from the other dc terms in Eq. (2.21) and 

from low-frequency noise sources. 

We would like to remark that the amplitude and the phase of an optical wave 

reflected from a rough surface have statistical behavior (speckle effect). This is 

why interferometry using monochromatic source is not suitable when operating 

with non-cooperative targets. This represents a serious drawback for the 

application of such measurement systems in an industrial environment. 

2.3.2 Multiple-wavelength interferometry 

Multiple-wavelength interferometry is, as classical interferometry, a coherent 

method, but it offers great flexibility in sensitivity by an appropriate choice of the 

different wavelengths. Indeed, as we will see soon, the use of two different 

wavelengths, Xi and X2, permits to generate a synthetic wavelength A = 

Xi • X2/| X1 - X2 I = co/Av, where Av = V2 - Vi, much longer than the individual 

optical wavelengths [2.25, 2.26, 2.27]. This method thus makes it possible to 

increase the range of non-ambiguity for interferometry and to reduce the 

sensitivity of the measurement. Moreover, this technique is also applicable to 

rough surfaces [2.17,2.28]. 

Two-wavelength heterodyne interferometry was reported by Fercher et al. [2.28]. 

By simultaneous phase measurements at both wavelengths, the interference 

phase at the synthetic wavelength A can be directly determined. Figure 2.4 shows 

the optical setup of a Michelson two-wavelength interferometer. At the output of 

the interferometer, the two wavelengths are first optically separated (grating, 

prism) and then individually detected. For each wavelength Xj, i = 1 and 2, an 

interference signal of the form 

I1=IOi[ItIn1COS(P(Xi)] (2.22) 

is detected, where m, is the relative interference amplitude. Because the two 

wavelengths must be optically separated before detection, the technique can be 
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used only for relatively large wavelength differences and thus small synthetic 

wavelengths. Moreover, interferometric stability at the optical wavelengths is 

required. 

Mi 

* - * * - • 

X11X2 IZ a 
M2 

detectors / 81*"¾ 

Fig. 2.4 Two-wavelength Michelson interferometer: the two 

wavelength are optically separated. 

After processing, the phase <p(Xj) modulo 2rt is obtained. Then the phase 

difference Aq> = cpfo) - 9(Xi) is calculated, namely 

Aq> = <p(X2)-<p(*i) = ^ 2 L . A 
(2.23) 

The remarkable fact is that Atp is now only sensitive to the synthetic wavelength 
A given by 

A _ _ ^ 2 _ _ __Ço__ 

IM-M V2-V1' 
(2.24) 

Modern laser sources provide great variety of optical frequencies or wavelengths 

to get interesting synthetic wavelengths. Thus, multiple-wavelength 

interferometry is a promising technique for absolute distance measurement [2.29, 

2301. 
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As shown in Fig. 2.5, an alternative method can be used. A two-wavelength 

source emitting at two different optical frequencies vi and V2, corresponding to 

the wavelengths X1 and X2 are used to illuminate the interferometer. The light at 

the output of the interferometer is directed toward a photodiode. The 

interference signal is now given by 

I(L) = A0 + A1 COs[C(X1)] + A2 COs[Cp(X1)], (2.25) 

where Ao, A1 and A2 are constants. This signal corresponds simply to the 

incoherent superposition of the two interference signals for the wavelengths X1 

and X2, with the corresponding interference phase Cp(X1) and cp(X2). As previously, 

for an interferometric path difference L, the phases (P(X1) and <p(X2) are given by 

cp(Xi) = 4TIL/XI and cp(X2) = 4nL/X2. 

M.H 
source 

Mi — 

1 

/ 
/ 

' 

« L fr 

M2 

Detector 

Fig. 2.5 Two-wavelength Michelson interferometer 

The signal described by Eq. (2.25) is depicted in Fig. 2.6. The interference fringe 

function, that is the envelope of this interference signal (modulation power), is 

then obtained by detecting the electrical power of the ac part of this signal, which 

P 3 C = ( V + A2
2)" 1 + 

2-A 

A1* + A2 

^-COsI9(X2J-Cp(X1)] (2.26) 

The phase of this signal Acp is given by 
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A9(L) = (p(^)-f(X1) = 2JJ-- i -J-2L = ̂ 2L , (2.27) 

and is again only sensitive to the synthetic wavelength A. 

I j , j J 

L [arb. unit] 

Fig. 2.6 Interference signal resulting from the superposition of two 

beams of slightly different frequencies. 

This phase Acp can be now determined by techniques similar to those used for 

phase interpolation in classical interferometry (one-wavelength). For example, 

super-heterodyne detection [2.31, 2.32] and heterodyne detection [2.33] enables 

high-resolution at arbitrary synthetic wavelength without the need for 

interferometric stability or optical separation of the wavelengths Xi and Ki before 

detection. 

2.3.3 White-light interferometry 

An obvious extension of multiple-wavelength interferometry presented in the 

previous paragraph, is white-light interferometry or interferometry using low-

coherence sources [2.34]. Indeed, over the last few years white-light 

interferometry, which uses broad-band light sources with short coherence 

lengths, has become an important technique to overcome the phase ambiguity 

from which suffer the interferometers using monochromatic sources [2.35, 2.36]. 

A great advantage of white-light interferometry is the possibility to make absolute 

measurements rather than incremental measurements. Moreover, the 
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mechanical stability of the measurement system can be increased by working with 

white-light channeled spectrum interferometry [2.13, 2.37] or when the 

interferogram is scanned in space rather than in time, and is projected onto a 

linear photodiode array (electronically scanned interferometer) [2.18, 2.38]. White-

light interferometers have been successfully developed, among others, as 

absolute displacement sensors [2.11, 2.13], as strain or force sensors [2.19, 2.38], and 

for profilometry [2.16,2.39]. 

WL 
source 

X1AX 

detector 

U 

transducing interferometer 

/ 
V 

"I /j 

7 
- L 

I 1 

A 
4 L r •-

I 
receiving interferometer 

Fig. 2.7 White-light interferometer, mechanically scanned in the 

temporal regime. 

Although different types of configuration exist, the basic arrangement is the 

same, and one commonly employed is built from two interferometers in tandem, 

as schematically drawn in Fig. 2.7. Here, both interferometers are two-beam 

Michelson interferometers. The first one acts as the transducing interferometer, 

in which the distance L is much greater than the coherence length lc of the light 

source. The aim of this interferometer is to convert the measurand into a change 

of the optical path difference. In the receiving interferometer, the large optical 

path difference induced by the transducing interferometer is compensated by the 

optical path difference of the receiving interferometer. 

A typical white-light interference signal is shown in Fig. 2.8. A first set of 

interference fringes is observed when the two arms of the receiving 

interferometer have equal lengths, that is when Lr = 0, which determined the 

internal absolute zero position. A second set of fringes is also observed when the 

receiving interferometer compensates the optical path difference induced by the 
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transducing interferometer, that is when L1 = L, The envelope of each set of 

fringes is given by the modulus of the complex degree of temporal coherence, 

which is proportional the Fourier transform of the power spectrum density of the 

source (see § 2.2.2). Thus, by measuring the distance between the maxima of both 

sets of fringes, an absolute value for L can be determined. This involves the 

accurate determination of the center position of both sets of fringes. A novel and 

simple signal processing technique will be presented in chapter 4. 

j . i i i i i i i i I i i i t i i i -i i I 1 • ' • ' I • • • • ' 

0 10 20 30 40 
Mirror Displacement L [urn] 

Fig. 2.7 Measured white-light interference signal using an optical 
setup similar to that sketched in Fig. 2.6. 

Several practical sensor configurations can be conceived, either for the 

transducing or the receiving interferometer [2.35]. But we would like to 

mentioned two major improvements with respect to the basic configuration 

described above. Electronically scanned white-light interferometry has been used 

since several years in the domain of optical fiber sensors. Young's interferometers 

(2.18], as well as Michelson's interferometers with one mirror tilted [2.11], or 

Wollaston prisms as phase compensator [2.38] were applied as receiving 

interferometer. In these examples, the interferogram is scanned electronically 

using a linear photodiode array in the spatial regime. It should be noted that if 

mechanical scanning suffers from limited speed, spatial electronic scanning is 

limited to small operating range. To avoid these drawbacks, white-light 

channeled spectrum (or dispersive) interferometers has be proposed as optical 

profilometer [2.37] and for absolute distance measurement [2.38]. Here, the output 

light of the transducing interferometer passes through a grating and the diffracted 

light is then focused on a linear photodiode array to scan the interference signal. 
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3. Full-dynamic phase-demodulator 
for heterodyne interferometer 

Most parts of this chapter have been published as regular papers in international 

journals or presented at conferences [3.1, 3.2], 

Since the development of the first lasers in the early 1960's, laser interferometry 

has become an important technique to provide high resolution and high accuracy 

measurement systems, at once for scientific applications but also in the industrial 

framework. One crucial issue for laser interferometry is related to the electronic 

treatment and the analysis of the interference signal. Indeed, the measurement 

accuracy depends strongly on the signal processing unit (hardware and/or 

software) employed to recover the phase information from the interference 

signal. Moreover, this signal processing unit will depend itself on the 

interferometric technique used. Thus, a compromise between the complexity of 

the system (optical setup, signal processing unit, etc.) and the measurement 

accuracy has to be found to finally reach the required specifications of the 

measurement system. 

The interferometric measurement techniques can be classified in two broad 

categories: the static and dynamic methods [3.3]. The static techniques, also called 

homodyne, work with only one optical frequency for the interfering beams. The 

dynamic techniques are based on the principle of shifting the phase between the 

interfering waves. In the phase-shifting (quasi-heterodyne) technique, the optical 

path difference between the interfering beams is varied either stepwise (phase-

stepping method) or linearly with time (integrating-bucket method) [3.4]. A great 

advantage of the quasi-heterodyne methods is that a detector array can be used to 

make measurements simultaneously at a very large number of points covering 

the interference pattern. In heterodyne interferometry, a frequency offset between 

the two interfering beams is introduced with the help, for example, of acousto-

optic modulators. Thus, in heterodyne interferometry, the optical phase 

difference to be measured corresponds to the phase of the beat signal at the 

heterodyne frequency (see chapter 3.1). We would like to mention that until 

recently, heterodyne interferometry was not compatible with standard CCD array 

detectors. Indeed, this technique requires synchronous detection of the 

heterodyne frequency. To solve this problem, novel smart CCD arrays where each 
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pixel acts as an independent synchronous detector were recently developed [3.5]. 

This lock-in CCD image sensor has been successfully implemented in a multiple-

wavelength interferometer for applications with non-cooperative targets [3.6] 

Among the different techniques used to measure vibrations in the inner ear, 

previous studies [3.7, 3.8] show, that an optical heterodyne measurement system 

is most adequate. But the measurement of vibrations in the inner ear imposes 

specific constraints to the interferometer. Indeed, the objects whose vibrations are 

to be measured are very small (5 \im to 15 Hm) and the vibration amplitudes are 

very low (tens of pm}. In addition, the linearity of the interferometer must be 

high in order to measure the nonlinear behavior of the mechanical structure of 

the inner ear. To fulfill these requirements, a heterodyne interferometer 

measurement system was specially designed [3.7, 3,8]. In this previous 

development the output signal of the detector is demodulated using a frequency-

demodulator to recover the modulation, which is proportional to the 

instantaneous velocity of the vibrating object. Unfortunately, with a FM-

demodulator, the displacement sensitivity decreases with frequency. Although 

tolerable for vibration frequencies greater than a few hundreds of Hz, this 

limitation is a severe drawback for studying vibrating objects at low frequencies. 

Moreover, for nearly transparent cells the amount of back-scattered light becomes 

very small [3.9], resulting in a poor carrier-to-noise ratio (CNR) of the detected 

interference signal. And when the CNR decreases, that is when the noise at the 

demodulator input increases, the FM-demodulator ceases to work properly. This 

phenomena is the well known "threshold effect". It can be shown that when the 

CNR falls below 10 dB for the full receiver bandwidth, the signal-to-noise ratio at 

the demodulator output shows a rapid deterioration [3.10]. This threshold 

determines the minimum signal quality (CNR for a fixed bandwidth) for which 

the FM-demodulator works properly. Since many drawbacks of the measurement 

system based on FM-demodulation are given by the demodulator itself, we 

decided to develop a novel demodulator based on phase-demodulation rather 

than frequency-demodulation. 

In this chapter, a novel full-dynamic phase-demodulator for heterodyne 

interferometric vibration measurements is described. Contrary to a conventional 

phase-demodulator, which has a limited dynamic range of ± 90", the proposed 

phase-demodulator has an unlimited dynamic range. This allows to recover 

phase information for displacements of the surface under test which are much 

greater than the wavelength of light. 
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After a brief description of the principle of operation of the heterodyne 

interferometer, the noise equivalent phase for frequency-demodulation and 

phase-demodulation will be determined and compared. Then, we will see how 

heterodyne detection offers an elegant way to increase the CNR up to a point 

where the shot-noise dominates the thermal noise of the electronics. Next, a 

complete description of the full-dynamic phase-demodulator will be presented. 

Specially, we will see that by adopting a digital approach to phase-demodulation, 

a high throughput speed up to one half of the heterodyne (carrier) frequency can 

be obtained. The signal processing employed to recover the phase will also be 

introduced in this paragraph. Finally, after a complete noise characterization of 

the demodulator, several examples will illustrate how well our vibration 

measurement system can be used to study complex movements of objects. 

3.1 Heterodyne interferometer 

3.1.1 Principle of operation and optical setup 

The principle of the heterodyne interferometer employed to investigate our 

vibrations measuring system is depicted in Fig. 3.1. 

AOM 

vibrating object 

Fig. 3.1 Schematic of a heterodyne interferometer. BS: beamsplitter, 

AOM: acousto-optic modulator. 

It is quite simple in concept, a HeNe laser emitting at a wavelength of 7, = 633 nm 

is used as a coherent light source. Utilizing two acousto-optic modulators 

operating at (ùi/2n = 40 MHz and (ÙI/IK = 40,455 MHz, a heterodyne frequency 
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shift of Afh = 455 kHz between the two interfering optical frequencies is obtained. 

It is important to note that by this way, the heterodyne frequency is only presents 

optically, which is very significant for highly sensitive system to avoid electrical 

interferences at the heterodyne frequency. Moreover, the heterodyne frequency 

can be easily modified by changing the operating frequency of the acousto-optic 

modulators. 

The interference signal is detected using a simple photodiode followed by a 

transimpedance amplifier (see § 3.1.2). The detector bandwidth has to be large 

enough to resolve the heterodyne frequency. From Eq. (2.21), the detector output 

voltage is then given by 

V(t) = a + bcos[A<at + $(t)], (3.1) 

where a is the dc and b the ac amplitude of the interference signal, and Ata = ©2 -

(öl = 2nAfh. The interference phase $(t) of such a beat signal depends on the path 

difference between the two interfering beams and thus on the position of the 

vibrating object. For a periodic movement, the interference phase ¢(1) in Eq. {3.1) 

is of the form 

4>(t) = ßucos<nt + O) + <t>c, (3.2) 

where u is the amplitude, Win is the frequency and <t is the phase of the 

vibration. §c is a constant phase given by the geometry of the experimental setup. 

The interferometric sensitivity ß is given by 

<f) ß = 2 ^ cosa, (3.3) 

where 2a is the angle between the illumination and observation directions as 
shown in Fig. 3.1. At normal incidence and for X = 633 nm, we find an 
interferometric sensitivity of ß = 20 [im'1. Substituting Eq. (3.2) into (3.1), the 
interference signal is then written as 

V(t) = a + bcos[Acot + ßucos(nt+<D)+(t>c]. (3.4) 
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Equation (3.4) shows that the detector output is a phase- or frequency-modulated 

signal with a carrier frequency Aw and a modulation frequency £2. The frequency 

spectrum of this signal is a well-known discrete Bessel spectrum [3.1Ij. For small 

vibration amplitudes, this spectrum consists mainly of three lines: the carrier and 

two sidebands at + Q., as shown is Fig. 3.2. 

Q-
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Frequency [kHz] 

Fig. 3.2 Measured spectrum corresponding to Eq. (3.4) for a small 

vibration amplitude of approximately 0.45 run (ß = 14 (im-1) at 

2 kHz (resolution bandwidth = 30 Hz). 

Thus, the vibration amplitude u can easily be deduced from the power ratio of 

the carrier PQ and the first sideband Pi with the relation [3.7] 

P1 J1(Bu) Bu' 
(3.5) 

where Jo and J1 are the Bessel functions of the first kind of order 1 and 2, 

respectively. Of course, this method is only valid for sinusoidal vibrations. For 

example, the spectrum of Fig. 3.2 corresponds to a vibration amplitudes of 

approximately 0.45 nm at a frequency of 2 kHz. You can also observed the low 

frequency noise (between 100 Hz and 700 Hz) due to external perturbations 

(mechanical noise). The noise floor is at -70 dBm for a CNR = 62 dB (measured 

within 30 Hz bandwidth, converted to 3 kHz bandwidth), equivalent to an 

amplitude of 0.1 nm. 
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By comparison to homodyne interferometry, heterodyne interferometry has 

several advantages [3.3, 3.7]. First, the linearity of heterodyne technique is not 

limited to small vibration amplitudes. Indeed, the phase variations are not 

converted to intensity variations [see Eq. {2.11)] but to phase variations of the beat 

signal [see Eq. (3.1)]. Second, the familiar quadrature condition that has to be 

maintained for homodyne techniques is not necessary with heterodyning, 

because the sensitivity is independent of the phase difference between the two 

interfering beams. Therefore, drifts taking the interferometer away from the 

quadrature condition do not cause signal fading. Moreover, the interference term 

is an ac component and it is thus well separated from the other dc terms of Eq. 

(3.1) and from low-frequency noise sources. 

From Eqs. (3.1) and (3.2), the frequency of the interference signal can be calculated 

by 

f(t) = | ^ - ß u ^ s i n ( n t + v) = A f h - i - v ( t ) , (3.6) 

where Af*, = ACO/2TI and v(t) is the velocity of the surface, given by 

v(t) = uftsinfft • t + y) . (3.7) 

From these equations it is obvious that if we consider as modulating signal the 

position of the surface, the interference signal given by Eq. (3.1) must be seen as a 

phase modulated signal, but if we consider as modulating signal the velocity of 

the surface, the interference signal must be seen as a frequency modulated signal. 

We emphasize again that for a FM-demodulator the displacement sensitivity 

decreases with vibration frequency ft, as explicitly given by Eq. (3.6). 

The experimental setup utilized to analyze our full-dynamic phase-demodulator 

is depicted in Fig. 3.3. In this setup, the vibrating object is a mirror mounted on a 

piezoelectric translator (PZT). Contrary to FM-demodulation, phase-

demodulation needs a stable reference signal. It is also created optically, using the 

beam-splitters BS3 to BS5 shown in Fig. 3.3. Another way to produce the reference 

signal would be to mix electronically the two driving signals of the acousto-optic 

modulators at Cu1 and <£>2 and to extract the reference signal at the heterodyne 

frequency with a low-pass filter. But, as we will see in paragraph 3.4, using a 

reference signal created optically instead of electronically increases the accuracy of 
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the measurement. Indeed, the optical setup sketched in Fig. 3.3 must be 

considered as two nearly identical interferometers, with a long common optical 

path. This leads to a very good "common mode (path) rejection", to employ 

electronic terminology. 

BS5 BS2 reference 

Fig. 3.3 Experimental setup for testing the phase-demodulator. 

3.1.2 Transimpedance amplifier 

At the interferometer output, the light is detected with a standard pin photodiode 

(BPW 34) followed by a transimpedance amplifier (high speed operational 

amplifier Burr-Brown OPA 602, transition frequency = 6.5 MHz). Indeed, the 

transimpedance amplifier is usually the amplifier of choice for the 

photodetection circuit. It is sketched in Fig. 3.4 and has the function to convert 

the photocurrent generated by the photodiode to a more practical output voltage. 

Co 

-w-
[__hx?° 

t Vout 

Fig. 3.4 Detection circuit consisting of a standard pin photodiode 

followed by a transimpedance amplifier. 
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If the optical power Popt is modulated at a frequency to/2n, the output voltage 

V0ut{tt>) of the transimpedance amplifier can be expressed by 

V0ut(<ü) = <K(G))-S-P0pt(o)) (3.8) 

where 9î(o>) is the frequency response of the detection circuit and S is the spectral 

sensitivity [A/W] of the photodiode. Taking into account the photodiode 

capacitance Ca and the amplifier input capacitance Ca, the frequency response 

9ï(tù) may be written as 

CR(C0) =
 R0 s2=\n®)\ exp[ix(œ)], (3.9) 

where we use the definition 

a)0=J(i)T
 d a , 3.10 

11 to d +© a 

with 

a"=lk md "d= ^ c - (3n) 

In Eqs. (3.9) to (3.11), CÛO/2JI is the undamped resonance frequency or eigen 

frequency of the system, (ÛJ/ZJI is the transition frequency of the amplifier and 

C = Ca + Ca. The damping factor Ç is given by 

2mT 2û)a
 v ' 

Equation (3.9) corresponds to the frequency response of a 2nd-order system. In Fig. 

(3.5), the amplitude and phase of the normalized frequency response 9î(œ)/Ro is 

plotted as a function of the normalized frequency UÎ/Û>0 for various damping 

factors £• From this figure we can see that the low frequency gain is -Ro, as 

obviously expected from die schematic of Fig. 3.4. 
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Normalized frequency 01/0¾ 

Fig. 3.5 Normalized frequency response of a 2nd-order system. 
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The 3-dB bandwidth B of such a 2nd-oder system is given by 

B - ^ l - 2 * 2
+ ^ ( l - 2 Ç 2 ) 2

 + l . (3.13) 

From Eqs. (3.12) and (3.13), we can see that if Cd is reduced by increasing the 

reverse voltage UB applied to the photodiode, the damping factor % and the 

bandwidth B are increased. 

When the amplitude response |9î(co)] of the transimpedance amplifier is not 

constant with frequency inside the frequency band of interest around the carrier 

frequency (455 kHz), the frequency components of the interference signal are 

detected with different gain. This effect is called amplitude distortion and results 

in an amplitude modulation of the detected signal superposed to the frequency 

modulation. But, because the input stage of the phase demodulator is composed 

of limiter amplifiers which clip the amplitude of the input signal (see § 3.3.1.1), 

the amplitude distortion does not significantly influence the performances of the 

phase demodulator. 

The second form of distortion arises when the phase of the frequency response 

X(co) is not linear with frequency (see Fig. 3.5). Indeed, when the interference 

signal is composed of a set of components, each of them is subject to a different 

delay when passing through the transimpedance amplifier. Thus, the output 

voltage has a different waveform from the optical input signal. This form of 

distortion is called phase distortion and influences directly the output signals of 

the phase demodulator. 

The group delay tg(co) is proportional to the slope of the phase of the frequency 
response, namely 

V " ) = - ^ « * (314) 

In Fig. 3.6, the group delay Tg of the normalized frequency response 3Ï(CÙ)/RQ is 

plotted versus the normalized frequency <o/<oo for various damping factors £. In 

fact, the phase distortion results from the variations of the group delay inside the 

frequency band of interest. In consequence, the transimpedance amplifiers were 

designed with a damping factors of approximately Ç = 0.8. Indeed, the group delay 
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fluctuations are minimized with this damping factor, resulting in a small 

amount of phase distortion at the transimpedance outputs. 
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Fig. 3.6 Group delay of the transimpedance amplifier. 

Substituting Eqs. (3.10) and (3.11) into Eq. (3.12), the feedback capacitance Q as a 

function of the damping factor 4 is expressed by 

Cn = 
242-1 + 2 4 , 4 2 - ! + ^ 

J md 
(UTRQ 

(3.15) 

Using Eq. (3.15), we can calculate the feedback capacitance Co to obtain any 

damping factor 4- This allows to adapt the frequency response 9î(tû) of the 

optoelectronic detection circuit to minimize the phase distortion. 

3.2 Noise consideration and fundamental limits 

3.2.1 Noise equivalent phase for PM- and FM-demoduIation 

The basic concept of the delay-line frequency demodulator used in previous 

experiments [3.7, 3.8] is shown in Fig. 3.7. It consists essentially of a limiter 

amplifier, a delay line to get a 90° or 270* phase shift of the carrier frequency, a 

mixer, and a low-pass filter to eliminate the carrier frequency after mixing. The 
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demodulator output is then proportional to the phase difference A^ = $(t+x) - <|)(t), 

where T is the delay, at least as long as |A<)>|< 90*. This is a good approximation for 

the frequency deviation d<£/dt = A<|>/T. 

signal -m limiter 
amplifier 

mixer 

TI/2 

X 
3" 

" \ 

low-pass 
fil ter 

frequency 
* d<|>(t)/dt 

delay line: 
T= 68 ns 

Fig. 3.7 Delay-line frequency-demodulator (Revox B760) [3.7, 3.8]. 

As shown in Fig. 3.8, the basic concept of a phase-demodulator looks very similar 

to the delay-line frequency-demodulator, except for the fact that now the phase of 

the signal is compared with the constant phase of a reference signal at the carrier 

frequency. Note that contrary to a FM-demoduIator, the phase-demodulation 

requires a stable reference signal. 
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Fig. 3.8 Phase-demodulator. 

Before going into the details of the noise equivalent phase for frequency- and 

phase-demodulators, we would like to specify that two distinct situations must be 

considered. For high values of the carrier-to-noise ratio (CNR) the internal 

demodulator noise will dominate; the output noise level is then independent of 

the CNR. For low values of the CNR the output noise is essentially due to the 

applied input noise. Therefore, the output noise decreases as the CNR increases. 

To determine the noise equivalent phase 6 9 ] ^ ^ caused by the noise of the input 

signal, we consider the effect of a noisy component n(t) on a harmonic signal 
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s(t) = V2SQ sin{2rtft). The phasor representation of such a noisy signal is depicted 

in Fig. 3.9. 

Fig. 3.9 Phasor model of a noisy harmonic signal. 

In this situation, the CNR is given by 

( s <*>) So2 

n2(t) (n2(t>) 
(3.16) 

The noise component n(t) is assumed to be random, following a Gaussian 

distribution, with <n(t)> = 0 and<n2(t)> = N2 . The phase 6 is uniformly 

distributed between 0 and 2K. Assuming that s(t) » n(t), the resulting phase error 

Sy(t) becomes 

Mt) = 
n(t)sin8(t) 

S0 

(3.17) 

Finally, and assuming that the CNR of the reference is much higher than the 

CNR of the signal, we find for the noise equivalent phase S^oise "* t n e c a s e 0^ 

phase-demodulation 

*CL=#^>=^ CNR 
(3.18) 

Equation (3.18) relates directly the phase error to the CNR at the PM-demodulator 

input. Using Eq. (3.2) and the condition (4» (t)) = (5y (t)>, the corresponding noise 

equivalent vibration amplitude is found to be 
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noLse ß ßVCNR" l ' 

For a FM-demodulator, the noise equivalent amplitude for a detection limited by 

the CNR is given by 

«SL-ï-slsr- <3-2°) ßVCNR ' 

Compared with Eq. (11) in Ref. [3.7], we have taken into account that the phase is 

only affected by the quadrature noise component of the input signal [3.10] The 

remaining factor of V2 between Eqs. (3.19) and (3.20) is due to the fact, that in the 

frequency-demodulator two phase values of the noisy signal are compared, 

whereas in the phase-demodulator the reference signal is considered noise-free. 

On the other hand, for high CNR the noise equivalent amplitude depends on the 

demodulator noise itself. Thus, from Eq. (3.2), we get for the phase-demodulator a 

noise equivalent amplitude 

.PM _V2 5(Pr10Js 

ß "noise o ' W*-*-) 

where 8cpnoise is the internal noise equivalent phase. From Eq. (3.2) the frequency 
deviation (Doppler shift) is given by 

^Q = -ßuUsinffit + ¢) , (3.22) 
dt 

and from Eq. (3.22), we get for the frequency-demodulator a noise equivalent 

amplitude 

.FM _ V2~S<pn0jse _ V2 2n5vnois unobe - n ~ - - o " ' KO^S) 

where T is the delay of the delay-line frequency demodulator (i = 68 ns for the 

Revox B760) and SVn0J56 is the internal frequency noise of the demodulator. It can 

be assumed that both 5<pnoise or Svnoise are independent of the vibration 
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.PM frequency Cl. Therefore u £? is essentially independent of O for phase-
.FM demodulation, whereas u n o i ^ increases with decreasing vibration frequency. 

Figure 3.10 shows the noise equivalent amplitude versus vibration frequency for 

frequency- and phase-demodulation assuming the same internal demodulator 

noise Oc110JSe =0.1(irad/VHz. These value being those measured with the Revox 

B760 tuner used in previous experiments [3.7, 3.8] It is clear from this figure that 

for low frequencies the phase-demodulator is superior to the frequency-

demodulator. For CNR = 40 dB (3 kHz bandwidth) the cross-over point is at a 

vibration frequency of approximately 1 kHz. 
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Fig. 3.10 Noise equivalent ampli tude versus vibration frequency for 

frequency-demodulation (dotted line) and for phase-

demodulat ion (plain line). The CNR is given for 3 kHz 

bandwidth and the interferometrk sensitivity is ß = 20 um' 1 . 

10s 

3.2.2 Shot-noise-limited heterodyne detection 

Hete rodyne detection offers an elegant way to increase the CNR up to a point 

where the shot-noise dominates the thermal noise of the electronics. In ou r 

analysis we considered two sources of noise, namely the shot-noise d u e to the 

quantum nature of light and the Johnson- or thermal-noise. 
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Considering the detector circuit depicted in Fig. 3.11, the electric power 

corresponding to the shot-noise at the detector output is given, for frequencies 

within the detection bandwidth B, by [3.12] 

P c = j R o - i s n ) . „ . „ / e g . , ^RQ 
R =2eB(SP0 + i d ) ^ - , (3.24) 

where e is the electron charge, S is the spectral sensitivity of the photo-detector, id 

the dark-current of the photodiode and P0 = PRB + PoB is the sum of the light 

powers in the reference beam PRB and object beam PQB that reach the detector. 

Fig. 3.11 Detector circuit including the different sources of noise. 

i5: photo-current (signal), Jtn: current due to the thermal-noise 

and isn: current due to the shot-noise. 

The contribution of the thermal-noise at the output of the transimpedance 

amplifier can be expressed as [3.12] 

P (Ro- i tn ) 2
= 4 k T B Ro 

m R R 
(3-25) 

where k is the Boltzmann constant and T the temperature. The electrical power 

of the modulated signal is 

P„= 2In1S1PnnPp 
Rn (3.26) 

where m is the relative interference amplitude {m £ 1). This factor measures the 

degree of temporal and spatial coherence between the two interfering beams [see 

Eq. (2.14)]. From Eqs (3.24) to (3.26), we get the carrier-to-noise ratio 
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2C:2T 

CNR = - ^ V = 2 m S F R B F ^ T R -
Psn+Pm 2eB(SP0 + id) + ^ 

(3.27) 

Neglecting the dark-current and assuming that m = 1, the CNR gets 

2PRBPQB CNR = 2eB,n n * 4kTB 
^ - ( P R B + POB) + 1 5 7 

(3.28) 

As shown in Fig. 3.12, it is always possible to increase the power in the reference 

beam PRB until the shot-noise dominates the Johnson noise. 

C
N

R
 [

dB
] 

1 -

I r 
FRB 

shot-noise limited detection 

min 

Reference optical power PRB 

Fig. 3.12 Carrier-to-noise ratio versus optical power in the reference 

beam for heterodyne detection. 

Using Eqs. (3.24) and (3.25) and assuming that PRB » PoB/ the minimum optical 
power in the reference beam to assure shot-noise limited detection is given by 
[3.7] 

RB,min 
2kT 
eR0S 

(3.29) 

The maximum CNR value that can be obtain for a given light power in the object 

beam is then 
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CNRr eB 
{3.30) 

As an example, which corresponds to our laboratory setup, we assume a feedback 

resistance Ro = 100 kfi, a spectral sensitivity S = 0.6 A/W, a bandwidth B = 500 kHz 

and a temperature T = 300 K. With these values, we find a minimum optical 

power for the reference beam PRB,mtn = 0.9 uW and a maximum carrier-to-noise 

ratio CNRmax = 80 dB (3 kHz bandwidth) for FOB = 100 nW. 

Table 3.1 summarizes the different results obtained in this paragraph for 

frequency- and phase-demodulation. Specially, the advantage and drawback of 

both methods are highlighted. 

O FM 

a Pro: 

• no reference signal required 
• FM-receivers available 

a Detection limited by the CNR 

,FM. _. ,: V2. 

OPM 

• Pro: 

• constant sensitivity with 
vibration frequency 

• no threshold-effect 

a Detection limited by the CNR 

. " '• • • • • . " ' ! " " ' ^ T u ' r , " • 

^0ise ,'p VCNR 

D Cons: 

• decrease of sensitivity with 
vibration frequency 

• FM threshold-effect 

O Detection limited by the IDN 

' „FM- ''ll^'-hnóìsà" 
I i '-' ' j i ' i 1 T . . ' L' * 'i* 

• Cons: 

* reference signal required 
• stability of reference 

O Detection limited by the IDN 

• noise . ro, . 

Table 3.1 Comparison between frequency- and phase-demodulation 

(IDN: internal demodulator noise). 
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3.3 Full-dynamic phase-demodulator 

3.3.1 Analog full-dynamic phase-demodulator 

The concept of the full-dynamic phase-demodulator is schematically presented in 

Fig. 3.13. The phase of the modulated signal (probe) is compared with the 

constant phase of the reference signal at the heterodyne frequency (455 kHz). We 

utilized the optical setup shown in Fig. 3.3 to generate optically these .two signals. 

Typical interference signals are shown in Fig. 3.14. We would like to emphasize 

again that we have to measure the phase difference between these two signals, 

which is proportional to the position of the vibrating object. 

reference 
signal 

probe 
signal 

a 
imite 
tnplifi 

> 

> 

r 
er 

> 

> 
L TE/2-^ 

low pass filter 

S1 \ ^ UoutsigA 

low pass filter 

Fig. 3.13 Full-dynamic phase-demodulator: analog version. 
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Fig. 3.14 Measured interference signals at the heterodyne frequency 
(455 kHz). The phase difference between these two signals is 
proportional to the position of the vibrating object. 
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The analog version of the phase-demodulator consists essentially of a limiter 

amplifier, a mixer and an active low-pass filter (cut-off frequency = 6.9 kHz) to 

eliminate the carrier frequency after mixing. The amplitude of the output signal 

is thus proportional to the phase difference between the modulated signal and 

the reference signal. Contrary to a classical phase-demodulator, which has a 

limited dynamic range of ± 90', this phase-demodulator has a unlimited dynamic 

range. Indeed, from two signals in quadrature (Uout sig A and Uout sig B), it is 

possible to recover the phase of the interference signal using a simple algorithm 

(see § 3.3.3). To obtain these two signals in quadrature, the reference signal 

undergoes first a 90" phase-shift and is then mixed with the modulated signal. 

The circuit diagrams of the full-dynamic phase-demodulator (FDPD) are given in 

Annex A. Here we will go through this FDPD step by step to understand how it 

works. 

3.3.1.1 Input stage 

The reference and probe channels are identical, as shown in Fig. 3.16. The input 

stage is composed of three non-inverting amplifier stages built from wide 

bandwidth operational amplifiers (Burr Brown OPA 654). These amplifiers are ac-

coupled and Germanium diodes (General Instruments AA143) are used to clip 

the signal to ± 0.35 V. Finally, the signals are applied to high speed differential 

comparators {National Semiconductor LM360) with complementary TTL outputs. 

> • 

"5 
a-
s O 

- P * 

Q. 
F 
< 

4H 

3 -

2 -

1 -

I111-11, 
11 

A 

l i — / 

11 TTT 

I 
' 

1I i i I I 

B 

f / 

TTT I1 
I 

I I T T TIT T T l 
.. _J 
I I I T T 

i . 

TTT i i 

. 
I I 

J 

I T T 

0 2 4 6 8 10 
Time [us] 

Fig. 3.15 Output signals of the input stage. A: reference signal and B: 

probe signal. 
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Fig. 3.16 Input stage of the full-dynamic phase-demodulator. 
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Thus, two TTL signals (0-5 V) are obtained at the output of comparators, as 

represented in Fig. 3.15. One acts as the reference signal (A) and the second acts as 

the probe signal (B). Special care was taken during the design of the input stage to 

reduce at maximum the delay difference between the two channels. Indeed, this 

delay difference will be interpreted as a phase difference between the reference 

and probe signals, resulting, at the end, in a measurement error. The input 

sensitivity is about 5 mV and the dynamic range is more than 80 dB. 

3.3.1.2 Phase-shifter module and mixer 

As already mentioned, we need two signals in quadrature (90* phase-shift) to 

recover the phase of the interference signal. To obtain these two signals, the 

reference and the probe signals are divided by two, using JK flip-flop (74HCT73) as 

shown in Fig. 3.17. The complementary signal of the reference signal (A in 

Fig. 3.17) is also divided by two. 

+ . 
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3V 
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+ 5V 1 > 
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CLR2 Q2 3 
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Fig. 3.17 Phase-shifter module (90*) and mixers. 

Thus, three signals at half the heterodyne frequency (227.5 kHz) are obtained. The 

first one is the reference signal (C), the second one is the probe signal (E) and the 

third one is the reference signal shifted by 90* (D), as plotted in Fig. 3.18. Indeed, 

the 180* phase-shift between A and A (at the heterodyne frequency) corresponds 

now and after the division by two, to a 90° phase-shift between C and D (at half 
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The spectral analysis of pulse-width modulation (PWM) is very complicated and 

a complete description can be found elsewhere [3.14]. We will present only a 

qualitative description of the spectrum of PWM signals. 

If Ts is the period of the PWM signal (Ts = 4.4 ÜS for fs = 227.5 kHz) and assuming 

a pure sinusoidal modulating wave of small amplitude [ßu < 1 in Eq. (3.2)] at 

frequency fm, we find that the spectrum of this PWM signal consists of the 

following components, as sketched in Fig 3.20: (A) a dc component equal to the 

average value of the pulses. (B) Sinusoidal components of frequency equal to 

n/T s , where n= 1, 2, 3.... (C) A sinusoidal component of frequency equal to fm and 

in phase with the modulated signal. (D) Sinusoidal components of frequencies 

{n/T s )±pf m , where n, p = 1, 2, 3....The frequency components (A) and (B) are 

supplied by the unmodulated pulse train, which may be regarded as the carrier of 

the PWM signal. 

spectrum 

L ilfllfu illlffi 
dc 2L frequency 

Fig. 3.20 Spectrum of pulse-width modulation signal. 

One important observation is, that when natural sampling is used to generate a 

PWM wave, there are no harmonics of the modulating signal frequency at 2fm, 

3fm, etc. [3.15]. Thus, the modulating wave can be recovered by passing the PWM 

signais F and G through low-pass filtere. It would be believed, that the recovery of 

PWM signals is distortionless because no harmonics of the modulating signal 

frequency are generated. However, this is not true, because some cross-

modulation products can fall within the filter bandwidth. The dominant ones are 

the harmonics of the first lower sideband, at frequencies (yTs)-p-fm, where p is 

sufficiently large. Their relative amplitudes, as a fraction of the signal amplitude 

at fm, are given by [3.15] 

(3.31) 
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where Jp is the Bessel function of the first kind of order p and A0 is the excursion 

of the phase difference between the reference and the probe channels. In Fig. 3.21, 

the relative amplitude of the 1st, 3rd and 5th harmonic is plotted as a function of 

A*. 
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Fig. 3.21 Relative amplitude of the 1st, 3rd and 5th harmonic of the 

first lower sideband. 

Taking the derivative of Eq. (3.31), the maximum relative amplitudes dp 

given by the solutions of the equation 

(P + l ) J p ( ^ ) - * m « J p - l ( 
A<t> max. | = 0 (3.32) 

The numerical solutions A<J>max of this equation and the maximum relative 
amplitude dp are represented, for the 50 first harmonics, in Fig. 3.22. 

Therefore, as far as the carrier frequency (1/TS) is much higher than the cut-off 

frequency of the low-pass filter, the amplitudes of the harmonics of the first lower 

sideband are very small. This allows to reconstruct the modulating wave with a 

very small level of phase distortion. 
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Fig. 3.22 Numerical solutions of Eq. (3.36) for the 50 first harmonics. 

3.3.1.3 Active low-pass filter 

We have designed an 2nd-order active low-pass filter to recover the modulating 

wave or, in others words, to remove the carrier frequency. The circuit diagram of 

this filter is shown in Fig. 3.23. 

InF 
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(G) 

22K 

22K 

l i n F i 

OPA 627 

> 
910 

IK 

^ , UoutsigA 

(U0Ut sig B) 

Fig. 3.23 Active low-pass filter (cut-off frequency = 6.9 kHz), used to 

eliminate the carrier frequency after mixing. 

The frequency response of this 2nd-order system is given by [3.16] 

G0 T<©)=-

1 S K 
(3.33) 
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where the undamped resonance frequency (ÙQ and the low frequency gain Go are 

(O0 = 
-JRiCiR2C; 

and 

^ 1 + I t -
We get for the damping factor 

+ (1-G0) H M i + 
R1C1 ^R2C1 

R1C E=L 
^R2C3 

(3.34) 

(3.35) 

(3.36) 

The bandwidth of this filter is given by Eq. (3.13). Substituting the values for the 

circuit shown in Fig. 3.23 into Eqs. (3.34) to (3.36), we obtain a dc-gain of Go = 1.91, 

a damping factor of ^ = 0.68, and a cut-off frequency of fc = B = 6.9 kHz. 
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Fig. 3.24 Frequency response of the active low-pass filter. 
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The amplitude and phase of the frequency response of low-pass filters shown in 

Fig. 3.24 was measured with a network analyzer. There is a good agreement 

between the theoretical prediction (plain line) and measured values (dots). 
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The amplitude of the output signal, after the low-pass filter, is thus proportional 

to the phase difference between the modulated signal and the reference signal. 

From the two signals in quadrature shown in Fig. 3.25, it is possible to recover the 

phase of the interference signal using a simple algorithm, which is described in 

paragraph 3.3.3. The frequency response of this full-range phase-demodulator is 

limited by the cut-off frequency of the low-pass filter (fc = 6.9 kHz), which is 

required to eliminate the carrier frequency after the mixer. Using a spectrum 

analyzer, we measured an attenuation of approximately 50 dB at the carrier 

frequency (227.5 kHz), which compares well with the theoretical value of 56 dB 

obtained from Eq. (3.33). The analog outputs Uout sig A and L W sig B of the 

demodulator are sampled with 12 bits resolution at a maximum sampling rate of 

50 kHz (NB-MIO-16L card and Lab View software from National Instruments) and 

then processed off-line to extract the phase information, which is the 

displacement of the surface under test. 

0 5 10 15 20 25 

Phase difference <•> [rad] 

Fig. 3.25 Output signals of the FDPD as a function of the phase 

difference between the reference and the probe signals. 

To conclude this paragraph devoted to the analog version of the full-dynamic 

phase-demodulator, we would like to mention one important drawback inherent 

to its principle of operation. The low frequency intensity fluctuations of the laser 

are transmitted through the phase demodulator and will produce phase noise on 

the FDPD output signals. When the laser intensity is not constant, the output 

voltage of the detector is given by [see Eq. (3.1)] 

V(t) = V0(t){l+mcos[AMt + <Kt)]}, (3.37) 
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where Vo(t) is proportional to the laser intensity fluctuations and AÜ)/2JI is the 

heterodyne frequency (455 kHz). The phase-demodulator inputs being ac-coupled 

to the limiter amplifiers (see Fig. 3,16), the fluctuations of the laser intensity 

influence the zero-crossings of signals A and B. Therefore, the phase of signals C, 

D and E (see Fig. 3.17) are modified accordingly. If the input signals have similar 

fluctuations, the phase of the signals C and E are also modified similarly. 

Consequently, the laser intensity fluctuations do not affect the duty-cycle of 

Uoutsig A- On the contrary, because the signal D is derived from the inverted 

signal A, the phase of the signal D changes in the opposite sense with respect to 

the phase of E. Thus, the duty-cycle of signal G = D-E is influenced by these laser 

intensity fluctuations, resulting in phase noise on the output signal Uout Sig B-

This different behavior of the two FDPD outputs in presence of intensity laser 

noise is illustrated in Fig. 3.26, which shows the power spectrum of Uout sig A and 

U0Ut sig B in presence of laser intensity noise. This measurement was carried out 

with the same optical signal connected two both demodulator inputs. 
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Fig. 3.26 Power spectrum of the phase demodulator output signals in 

presence of laser intensity noise (measured with 30 Hz 

bandwidth, converted to 3 kHz) for identical reference and 

input signals. 

Even if the reference signal has a constant dc-value and is noise free, the laser 

intensity fluctuations influence the duty-cycle of signals C and D and will be 

transmitted through the FDPD, resulting in phase noise on both demodulator 

output signals. 
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One solution to overcome this drawback would be to use a band-pass filter at the 

detector output. Of course, the bandwidth of this filter must be sufficiently wide 

to take into account of the bandwidth associated to PM-signal (see § 3.5.2) and the 

phase-slope of the filter must be linear in the band of interest to avoid phase 

distortion (see § 3.1.2). Using a band-pass filter also reduces the noise level at the 

phase-demodulator inputs, resulting in a reduction of the input sensitivity. 

3.3.2 Digital full-dynamic phase-demodulator 

To overcome the most limiting factor of the analog FDPD, that is the limited 

frequency response of the system, an improved version of the full-dynamic 

phase-demodulator with a high throughput speed has been developed (see 

Fig 3.27). 
limiter 

amplifier sync 

reference 
signal 

probe 
signal 

sync 

Fig. 3.27 Digital version of the full-dynamic phase-demodulator. 

PW/V: pulse-width to voltage converter. 

The idea is to replace the low-pass filter in Fig. 3.13 by a pulse-width to voltage 

converter (PW/V) followed by a synchronized A/D converter working at the 

carrier frequency (455 kHz/2 = 227.5 kHz). For this digital version with an 

extended frequency response, a new value for the phase difference between the 

modulated and the reference signals is obtained every 4.4 usee. For the acquisition 

of the two 12-bit output signals, we used a high-speed 32-bit parallel digital I /O 

interface board (National Instruments card NB-DIO-32F) synchronized to the A/D 

converters. We would recall, that the mixer output signals F and G are pulse-

width modulation waves, where the phase difference between the reference and 

probe signals defines the duration of individual pulses (see Fig. 3.19). The phase 

information is thus contained in the width of the individual pulses. The 

principle to convert the pulse width into a constant voltage is relatively clear; it is 

m 
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shown in Fig. 3.28 for the channel A. A capacitance of 1 nF is charged with a 

constant current as long as the pulse is high; then, this voltage is hold and 

synchronously sampled by the A/D converter (arrows in Fig. 3.28). This 

mechanism is realized practically by the circuit sketched in Fig. 3.29 and described 

in more detail in Annex A. 

5-f 

.S 0 -

< -3- n I i I I I I I I I I I I I I 11 I I I I I I I I I I I j F i r i [ n 1 1 1 i i 1 1 1 i i i i 

0 2 4 6 8 

Time [us] 

Fig. 3.28 The duration of the individual pulses is converted into a 

constant voltage, which is then synchronously sampled. 
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F ( Q 
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InF 

Fig. 3.29 Circuit which converts the pulse duration into a voltage. The 

variables in brackets are for the second channel B. 
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The signals F and F for channel A, respectively G and G for channel B, are used 

either to charge the capacitance or to hold the voltage. The signal N (S for 

channel B) is employed to discharge the capacitance once the signal T-A (T-B for 

channel B) was sampled by the A/D converter and the conversion is completed. 

The signals N and S are obtained from the signals D and C, respectively (see 

Annex A). 

An amplifier stage is used to match the signals T-A and T-B to the input 

characteristics of the A/D converter (± 2.5 V). Then, these signal are digitized by a 

12-bit analog-to-digital converter (Burr Brown ADS7819). This chip is a complete 

12-bit sampling A/D converter using CMOS structure. It contains a complete 

switched-capacitor based A/D with inherent sample and hold capability, a 

reference voltage source, and an interface with three-state output driver for 

microprocessor use. The ADS7819 is specified at an 800 kHz sampling rate. This 

converter outputs full parallel data in Binary Two's Complement data format. 

Figures 3.30 and 3.31 show the A/D conversion timing diagrams for the channels 

A and B, respectively. When C, respectively D for the second channel, goes down, 

a conversion is initiated by the falling edge of R/ C. Then, busy will go low and 

stay low until the conversion is completed and the output registers are updated. 

busy going high is used to transfer the data into the computer. For the 

acquisition of the two 12-bit digital output signals, we used a high-speed 32-bit 

parallel digital I /O interface board (National Instruments card NB-DIO-32F). 

Thus, for this digital version, a new value for the phase difference between the 

modulated and the reference signals is obtained every 4.4 Msec, that is at half the 

heterodyne frequency. Of course, it is not always necessary to collect data at such a 

high speed. We can also reduce the sampling rate by using the signals 

P/2 or P/4,..., or P/l6 ( N / 2 , N / 4 , . . . , N / 1 6 for channel B) instead of P (N for 

channel B) to initiate an A/D conversion. This gives us the possibility to choose, 

according to the experiment and the frequency range to be studied, a sampling 

frequency of either 227.5 kHz, 113.75 kHz, 56.88 kHz, 28.44 kHz, or 14.22 kHz. 

The output characteristics of the digital version of the FDPD are identical to those 
of the analog version, shown in Fig. 3.25. From these two signal in quadrature, 
the phase information on the vibrating object can be recovered using a simple 
algorithm, described in paragraph 3.3.3. 
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Fig. 3.31 Conversion timing for channel B. 

3.3.3 Phase recovery 

3.3.3.1 Signal processing for phase reconstruction 

As already described in the previous paragraphs, the two output signals in 
quadrature coming either from the analog or digital version of the FDPD are 
sampled using a Macintosh computer and National Instruments acquisition 
boards. The phase information, that is the position of the vibrating object, is then 
recovered off-line. For that purpose, we wrote the programs given in Annex B, 
using the software Igor from WaveMetrics. This scientific package allows us not 
only to reconstruct the movements of the object under study, but also to make 
classical analyses by exploiting all the available mathematical tools (FFT, statistics 
functions, etc.). 

file:///isec
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Figures 3.32 and 3.33 show the FDPD output characteristics for the channels A and 

B, respectively. The name and the physical meaning of the different variables 

employed by the signal processing program are also outlined in these figures. We 

would like to emphasize that in these figures, the phase corresponds to the 

optical phase difference between the reference and the probe channels. That is 

why these signals are 47t-periodic. Indeed, because the input optical signals at the 

heterodyne frequency are first divided by two, an input phase difference of <J> is 

equivalent to a phase difference of ¢/2 at half the heterodyne frequency. 

Fig. 3.32 FDPD output signal (channel A) with the variables used in the 

signal processing program. 
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3.33 FDPD output signal (channel B) with the variables used in the 

signal processing program. 
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One very important point is, that the phase demodulator must be calibrated. In 

other words, before recovering the phase information, we must introduce the 

maximum (maxA and maxB) and minimum (minA and minB) values reached 

by the output signals. Then, we can calculated the other variables needed (with 

the function Data_Init(maxA, minA, maxB, minB), see Annex B). The calibration 

procedure and the influence of wrong calibration on the measurement accuracy 

will be presented in paragraph 3.3.3.2. 

The concept behind the proposed signal processing to recover the phase 

information (with the function Phase_Recovery(WaveNameA, WaveNameB), 

see Annex B) is simple, efficient, fast and accurate. It can be separated in three 

parts, as summarized in Fig. 3.34. First, using both channels, the program 

determines in which quadrant is the phase of the 4n-periodic output signals (see 

Figs. 3.32 and 3.33). This is carried out by looking at the sampled signals A and B 

to see if they are above or below the mean values meanA and meanB, 

respectively. 

For each point of the sampled output signals 

Find in which quadrant is the phase 

Follow the period of the signal 

Calculate the reconstructed phase 

Fig. 3.34 Principle of operation of the signal processing for phase 
recovery. 

Second, the number of periods followed by the reconstructed phase is determined 

by tracking the transitions from the fourth to the first quadrant and from the first 

to the fourth quadrant. This is equivalent to the well-known method of 

incremental fringe counting in interferometry using two signals in quadrature 

[3.17]. Of course, it is assumed that the number of periods is zero when the system 

is at rest (initial condition). 

Finally, the absolute value of the reconstructed phase is calculated using at once 

the information on the number of periods and the quadrant. For this final step, 

either the channel A or the channel B is employed to compute the reconstructed 

phase (see Annex B). Indeed, the program use the channel A if the output signal 
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Uout sig A is found in the interval [mean - threshold; mean + threshold] (see 

Figs 3.32 and 3.33), otherwise the channel B is utilized. Thus, only the linear part 

of the output characteristics are used by the signal processing program. We define 

the threshold value as a fourth of the peak-to-peak signal amplitude. Obviously, 

at least one output voltage must be in this interval, but this is always the case 

because these two signal are in quadrature. 

3.3.3.2 FDPD calibration 

The aim of the calibration procedure is to measure the minimum and maximum 

values of the output signals of the phase-demodulator. These values will be 

employed by the signal processing for the phase recovery. One way to obtain this 

information, and probably the easiest, is to vary the optical phase difference of the 

interferometer on several TE, for example by driving the PZT with a voltage ramp. 

From Fig. 3.35, where the two output signals in quadrature U0Ut Sig A arid Uout sig B 

are plotted versus the time, it is elementary to determine the max. and min. of 

both signals. 

0 5 10 15 20 25 
Time [msec] 

Fig. 3.35 Measured output signals used for the calibration procedure of 

the analog FDPD. The reconstructed phase obtained from the 

two signal in quadrature is also shown (plain line). 

It is also apparent in Fig. 3.35 that the signal processing presented in the 

paragraph 3.3.3.1 works absolutely well. Indeed, the reconstructed phase presents 

no discontinuity and is perfectly smooth. 
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The phase reconstruction works accurately, as long as the calibration parameters 

maxA, minA, maxB and minB remain correct. If these parameters are wrong , the 

reconstructed phase shows some phase discontinuities (jumps), which occur 

when the program switches from one channel to the other. 

Practically, the minimum and maximum values reach by the output signals of 

the phase-demodulator are given by the low-pass filter components for the 

analog FDPD (see Fig. 3.23), and by the pulse-width to voltage conversion for the 

digital FDPD (see Fig. 3.29). More precisely, the calibration values depend on the 

electronic components (resistances, capacitances, ...) utilized to build the 

demodulator. Thus, if electronic components of good quality are used, the 

calibration procedure described in the previous paragraph has to be carried out 

only once, because the calibration parameters will remain constant as a function 

of time. 

The reconstructed phase for a sinusoidal excitation of 4 rad obtained from 

computer simulations is shown in Fig. 3.36, first when the calibration parameters 

are correct (upper trace) and second when they are wrong (lower trace). Thus, a 

bad calibration will introduce some amount of distortion, leading to an error on 

the vibration amplitude at the fundamental frequency. 

a, u -

Ê 

Ê 

Time [arb. unit] 

Fig. 3.36 Simulation of the phase reconstruction when the calibration 

parameters are (a) correct and (b) inexact. 
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To characterize the influence of calibration errors on the reconstructed phase, we 

used the well-known notion of harmonic distortion d given by [3.18] 

d = 
_ ^ A 2

2 + A32+A4
2+... 

Ai 
(3.38) 

where Ai and An (n = I1 3, ...) are the rms amplitude of the fundamental and of 

harmonics, respectively. We carried out computer simulations for a sinusoidal 

vibration (phase amplitude = 4 rad, frequency = 5 Hz) and with two classes of 

calibration errors. First, when only one calibration parameter is incorrect (maxA) 

and second, when two calibration parameters are wrong (maxA and maxB). We 

employed FFT analyses to calculate the harmonic distortion of the output signal. 

The result of these simulations are shown in Fig. 3.37, where the harmonic 

distortion d is plotted as a function of the calibration error e defined as 

£ = 
max A(orB)j. 

inexact çAÇorB)! act 
maxA(or B)J6x 

(3.39) 
act 

Calibration error e [%] 

Fig. 3.38 Harmonic distortion of the output signal when one (squares) 

and two (circles) calibration parameters are inexact. 

Practically, a calibration error of less than 1 % can be attained and so a distortion 

of the output signal below 0.5 % can be expected. We would like to emphasize 
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that this distortion is due to the signal processing principle itself and is the result 

of a wrong calibration of the FDPD. 

3.3.3.3 Examples of phase reconstruction 

This paragraph illustrates how our full-dynamic phase-demodulator is able to 

recover interference phases in different practical situations, for example when the 

vibration amplitude is small, or when the displacement is very slow but with a 

considerable amplitude, or even when the surface under test undergoes fast and 

abrupt movement greater than the optical wavelength. 

1 I I I I I 'ITT1TY1L I T T 1 I I I I 1 I I I I I | " I T I I | 

10 20 30 

Time [msec] 

Fig. 3.38 Phase reconstruction with the analog FDPD for a sinusoidal 

motion of approximately 150 nm at a frequency of 230 Hz. 

For the first example, the PZT was driven with a sinusoidal voltage at 
approximately 230 Hz. Figure 3.38 shows the reconstructed interference phase and 
displacement measured with the analog version of the phase-demodulator. We 
measured a peak-to-peak amplitude of about 150 nm. As already mentioned, the 
amplitude sensitivity of the phase-demodulation principle is independent of the 
vibration frequency and can thus be employed even for quasi-static vibration 
measurements. This is illustrated in Fig. 3.39 when the PZT was driven by a 
voltage ramp with a temporal period of approximately 2.5 sec on which a small 
oscillation of 20 Hz is superposed. The output signals of the analog FDPD are 
shown in the upper part of Fig. 3.39. The reconstructed interference phase and the 
displacement of the mirror are shown in the bottom part of Fig. 3.39. Here, the 
total displacement of the surface is nearly 2.5 ^m with a vibration amplitude of 
150 nm peak-to-peak. 
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Fig. 3.39 Example of phase reconstruction with the analog FDPD when 

the displacement of the vibrating object is greater than the 

wavelength of the light. 

Time [sec] 

Fig. 3.40 Example of phase reconstruction using the digital FDPD. 

0.15 

The last example, shown in Fig. 3.40, is the response of the PZT to an abrupt step. 

Here we used the digital version of the FDPD. It should be indicated that the 

phase change is smaller than n between two samples (4.4 usee), which allows the 
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system to follow accurately the phase variations. The damped mechanical 

oscillations of the PZT can be readily observed. The frequency of these oscillations 

is approximately 250 Hz. As shown in the insert of Fig. 3.40, additional fast 

oscillations of about 3 kHz occur just after the step during approximately 4 ms. 

Oscillations as small as a few ran can readily be measured and analyzed with our 

digital FDPD. 

3.4 System performance 

3.4.1 Noise measurements 

In order to characterize both types of phase-demodulator, we measured for 

several different CNRs the spectrum of the noise equivalent phase, that is the 

minimum detectable phase excursion as a function of the vibration frequency. 

We used as input signals an unmodulated electrical carrier at 455 kHz connected 

to both modulator inputs. This is equivalent to simulate a zero phase difference 

between the two input signals. We employed a FFT spectrum analyzer (Stanford 

Research 760) to measure the analog outputs Uout sig A and Uout sig B- The FFT 

analysis of the digital signals was realized off-line using the software Igor Pro 3.0 

from WaveMetrics. 

0.1 1 10 
Frequency [kHz] 

Fig. 3.41 Noise equivalent phase measured at the analog phase-

demodulator output (unmodulated electrical carrier, 

CNR = 70 dB). 
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The phase noise level for a CNR = 70 dB (measured with 30 Hz bandwidth, 

converted to 3 kHz bandwidth) as a function of frequency is shown in Fig. 3.41 for 

the analog phase-demodulator. The peak at 15.6 kHz is due to electrical pick-up 

from the noisy environment. The shape of the curve in Fig. 3.41 is mainly given 

by the transfer function of the active low-pass filter (see § 3.3.1.3). Below the cut­

off frequency (6.9 kHz), the noise equivalent phase is nearly constant and 

depends, as expected, of the CNR as summarized in Table 3.2. The right-side 

column of Table 3.2 is the equivalent phase noise in case of a limitation by the 

CNR calculated from Eq. (3.18). Therefore, we can conclude that the analog FDPD 

is limited, for CNR below 70 dB (3 kHz bandwidth), by the applied input noise 

(limitation due to the CNR). Moreover, the internal demodulator noise could be 

estimated to be smaller than 1 urad/VHz. 
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3.42 Noise equivalent phase measured at the digital phase-

demodulator output (unmodulated electrical carrier with 

CNR = 70 dB, F3: sampling frequency). 

CNR [dB] 

50 

60 

70 

*P2L Duad/^hz] 
Analog outputs 

47 

12 

3 

Digital outputs 

61 

19 

5 

CNR limitation 

40 

13 

4 

Table 3.2 Measured noise equivalent phase (unmodulated electrical 

carrier) and phase noise limitation due to the CMR for 

various input CNR (3 kHz bandwidth). 
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As shown in Fig. 3.42 for the digital version, the spectrum of the noise equivalent 

phase is approximately flat for frequencies below 30 kHz, then the noise increases 

slightly up to the Nyquist frequency of 113.75 kHz. The spectrum of the noise 

equivalent phase depends on the input CNR as reported in Table 3.2. We would 

like to mention that we acquired the digital signals at reduced sampling 

frequencies Fs (see § 3.3.2) to study the low-frequency part of the noise spectrum. 

Quantizing noise is introduced in the digital phase-demodulation by the A/D 

converter. If we assume a quantizing process with an uniform step AV, the root-

mean-square value of the quantizing noise 8Vq is given by [3.19] 

ÔVa=4^ = -%*r, (3.40) 
q lu 2nVÏ2 

where Vm a x is the full scale range and n the number of bits of the A/D converter. 

For V m a x = 5 V and n = 12 bits, we obtain AV = 1.22 mV, which leads to a 

quantizing noise of 8Vq = 350 JiV or fyq = 500 urad. It should be noted that 

uniform quantizing yields a noise which is virtually independent of the signal 

and, as a first approximation, that it is reasonable to take the total quantizing 

noise power, given by 5Vq2, as a measure of the noise to be expected in the 

frequency band of interest, after demodulation [3.19]. 

On the other hand, the noise equivalent phase Scp™^ (see Table 3.2) was 

calculated from 8192 samples. From statistical considerations it can be estimated 

that the quantizing noise equivalent phase is &t»q/v8192 = 5.5 urad. This value is 

in good agreement with the one reported in Table 3.1 for CNR = 70 dB. Therefore, 

for high CNR, the digital FDPD system seems to be limited by the quantizing 

noise introduced by the 12-bit A/D converter. 

Finally, we measured the phase noise of the FDPD when the same optical signal 

is connected to both demodulator inputs. The power spectrum of this signal is 

shown in Fig. 3.43. At 470 kHz, we have a CNR of approximately 68 dB (measured 

within 30 Hz bandwidth, converted to 3 kHz). The noise equivalent phase 

spectrum of the analog FDPD is shown in Fig. 3.44. From this figure, we obtained 

a noise equivalent phase of about Ötp̂ M^ = 8 urad/VHz from dc to 7 kHz. The 

additional noise on channel B is due to the laser intensity noise which is 

transmitted through the FDFD and which produced some phase noise on the 

output signal Uout sig B/ but not on the signal Uout sig A (see § 3.3.1). For the digital 
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version of the FDPD, we obtained a noise equivalent phase of approximately 
5(Pn£L = 1 0 ^rad/VHz (from dc to 120 kHz). 

These values, measured with optical signals, are approximately two times larger 

than those obtained with electrical signals {see Table 3.2). 
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Fig. 3.43 Power spectrum of the optical input signal (30 Hz bandwidth) 

used to measure the phase noise of the FDPD. 
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Fig. 3.44 Noise equivalent phase of the analog FDPD measured with 

the optical signal shown in Fig. 3.43. 

10 
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3.4.2 Reference signal produced electronically or optically 

We have seen in paragraph 3.1.1 that the phase-demodulation principle needs a 

stable reference signal. It can be created either optically with the setup shown in 

Fig. 3.3 or electronically from the two electrical driving signals of the acousto-

optic modulators. To compare the performance of both methods, we measured 

the drift of the interferometer by sampling the analog outputs of the FDPD at a 

rate of 2 Hz during 60 minutes with either the optical or the electrical reference 

signal connected to the FDPD. The recovered phase as a function of time is 

plotted in Fig. 3.45. These measurements were carried out with CNRs of 

approximately 56 dB for the optical signals and 53 dB for the electrical reference 

(measured at 455 kHz within 30 Hz bandwidth, converted to 3 kHz bandwidth). 
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Fig. 3.45 Long term stability of the interferometer when the reference 
signal is produced either electronically [curve (a)] or optically 
[curve (b)]. 

From Fig. 3.45, we observe that the drift during one hour is comparable for both 

methods but it is obvious that the phase fluctuations are smaller when the optical 

reference is used instead of the electrical one. The Allan variance is one of the 

most common stability quantities for the characterization of the stability of 
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oscillators. It provides information on the fluctuations averaged over an 

integration time interval T [3.20]. In our context, we can use the Allan deviation 

(square root of the Allan variance) of the reconstructed phase to quantify the 

phase fluctuations of the optical setup. The Allan variance is given by the average 

value of the standard variances between two consecutive samples. From the 

measurements presented in Fig. 3.45, we obtained phase fluctuations of about 

0"allan = 120 mrad for the electrical reference and cai,an = 30 mrad for the optical 

reference. 
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Fig. 3.46 Spectra of phase fluctuations, for optical reference [curve (a)] 

and electrical reference [curve (b)]. 

Figure 3.46 shows spectra of the phase fluctuations between 0.2 Hz and 25 Hz 

{measured within 0.061 Hz bandwidth) for electrical or optical reference signals. 

For these low-frequency measurements, we used a FFT spectrum analyzer 

(Stanford Research 760). As can be seen in Fig. 3.46, these spectra look very 

similar, except for frequencies below 5 Hz where the phase noise is smaller for the 

optical reference. This difference is due to a better rejection of low-frequency 
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vibrations produced by the noisy environment when using the setup shown in 

Fig. 3.3 (see §3.1.1). 

3.5 Vibration measurements 

3.5.1 Smalt sinusoidal vibration amplitudes 

When the vibration amplitude is smaller than X/2 = 316 nm (for a = 0°, see 

Fig. 3.3), one channel, either channel A or B, can be used to recover the phase 

information in real-time. Indeed, from Fig. 3.26, we observe that when the optical 

phase amplitude is smaller than 2JI, which corresponds to half a period of the 

output signals, one of the FDPD output voltage is proportional to the phase 

difference between the reference and probe signals. Of course, the mean phase 

difference must be adjusted in such a way that the used output signal is not 

folded. Moreover, the experimental setup has to be mechanically stable to avoid 

an important drift of the output signal during the experiment. 

Frequency [Hz] 

Fig. 3.47 Vibration amplitude as a function of the excitation frequency 

for a piezo electric transducer. The data was collected in real 

time employing a Network Analyzer (HP 4195). 

To illustrate this possibility of on-line vibration analysis, we measured the 

vibration amplitude of a piezo electric transducer for 400 hundred excitation 

frequencies between 10 Hz and 5000 Hz. For this experiment, we used a Network 
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analyzer (HP 4195), to drive the PZT with a constant excitation voltage and to 

measure the vibration amplitude of the piezo electric transducer. The vibration 

amplitude as a function of the excitation frequency is shown in Fig. 3.47. The 

measuring time was about 10 minutes and we checked during this period that the 

output signal did not fold. 

Ê 10 

Fig. 3 

Frequency [Hz] 

.48 Phase fluctuations spectrum at the analog FDPD output. The 

reference and probe signals were created optically with the 

setup shown in Fig. 3.3. 

For small vibration amplitudes, the phase-demodulator is limited by the 

fluctuations of the output signals of the FDPD. The phase fluctuation spectrum of 

the analog phase-demodulator is shown in Fig. 3.48 between 0.2 Hz to 6 kHz. This 

spectrum was measured using a FFT spectrum analyzer (Stanford Research 

SR760) for CNRs of approximately 58 dB and 52 dB (within 30 Hz bandwidth, 

converted to 3 kHz bandwidth) for the reference and probe optical signals, 

respectively. The important phase fluctuations between 10 Hz and 700 Hz are due 

to external vibrational sources (machine-tools, electric fans, nearby road 

transport, etc.), to vibrations of optical elements and mechanical mounts of the 

experimental setup and, to air currents in the laboratory. For frequencies below 4 

Hz, the phase fluctuations increase as 1/f2. This behavior is characteristic to the 

compliance curve for a typical optical table top [3.21]. The pièzo electric transducer 

was then driven by a sinusoidal voltage of small amplitude at a frequency of 25 

Hz. The reconstructed phase as a function of time is shown in Fig. 3.49. As shown 

in Fig. 3.50, we also measured the phase spectrum (within 0.244 Hz bandwidth) 

with the same sinusoidal motion. The peak amplitude at 25 Hz corresponds to 
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approximately 195 mrad, which compares weil with the 200 mrad obtained from 

Fig. 3.49. 

Fig. 3.49 Phase reconstruction with the analog FDPD for a sinusoidal 

vibration of approximately 200 mrad at a frequency of 25 Hz. 
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Fig. 3.50 Phase spectrum corresponding to the sinusoidal motion 

shown in Fig. 3.49. The peak amplitude at 25 Hz is about 

195 mrad. 

In order to study the influence of the input CNR on the signal-to-noise ratio 

(SNR) at the demodulator output, the CNR of the probe signal was changed by 

attenuating the optical power in the object beam. Indeed, we have seen in 

paragraph 3.2.2 that the CNR value for shot-noise limited detection is 
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proportional to the light power in the object beam [see Eq. (3.30)]. In Fig. 3.51, the 

signal-to-noise ratio (SNR) measured at the FDPD output is given as a function of 

the CNR of the probe signal, for a vibration frequency of 25 Hz [curve (a)] and 

2.5 kHz [curve (b)]. The vibration amplitude was approximately 0.9 rad at 25 Hz 

and 0.6 rad at 2.5 kHz. The CNR of the reference signal was approximately 58 dB. 

In Fig. 3.51, the CNR and the SNR are given for a detection bandwidth of 3 kHz 

and 0.977 Hz, respectively. 

40 50 

CNR of the probe signal [dB] 

Fig. 3.51 SNR measured at the FDPD output as a function of the CNR 

of the probe signal for a vibration frequency of 25 Hz [curve 

(a)] and 2.5 kHz [curve (b)]. The CNR of the reference signal 

was approximately 58 dB. The CNR and the SNR are given for 

a detection bandwidth of 3 kHz and 0.977 Hz, respectively. 

From Fig. 3.51, we observe that for a vibration frequency of 25 Hz, the output 

SNR is nearly constant for CNRs of the probe signal larger than about 45 dB. 

Indeed, even for high CNRs the noise at the demodulator output is not given by 

the applied input noise (limitation due to the CNR, see § 3.2.1) or by the internal 

demodulator noise, but rather by the phase fluctuations due to external 

vibrations observed between 10 Hz and 700 Hz on the spectrum in Fig. 3.50. On 

the other hand, when the phase demodulator is limited by the applied input 

noise, the output SNR (in dB) is approximately proportional to the input CNR 

{in dB), as expected from Eq. (3.18). 
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3.5.2 High frequency and large amplitude vibrations 

The experimental results presented in this paragraph illustrate the use of the 

digital FDPD to measure large amplitudes at high vibration frequencies. In this 

situation, the main limitation is given by the condition that the phase change 

between two samples must be smaller than TI to allow the system to follow 

accurately the phase variations. This leads to a maximum phase rate 

*max=f' (3-41) 

where T5 is the sampling period. Elsewhere, the phase rate <j> is related to the 

frequency excursion Af of the interference signal by 

<j) = 2jcAf. (3.42) 

Substituting Eq. (3.42) into Eq. (3.41), the maximum frequency excursion is then 

given by 

A W - £ - ^ . (3.43) 

where F s is the sampling frequency. Therefore, the maximum frequency 

excursion Afmax is equal to the Nyquist frequency. From Eq. (3.2), the maximum 

phase rate (Ji1113x for a periodic movement is 

<Ì>max = ßufi = 2nßuF = 2 ^ 0 F , (3.44) 

where F is the vibration frequency and <j>o is the optical phase amplitude. Using 

Eqs. (3.41) and (3.44), the maximum optical phase amplitude-frequency product is 

One can see that the maximum optical phase amplitude-frequency product is 

equal to the Nyquist frequency. 
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From Eqs. (3.43) and (3.45), we can see that 

<t>o="f- (3.46) 

where Af/F is commonly called the modulation index of a FM wave [3.22]. The 

bandwidth occupied by the interference signal is given by the Carson's rule, 

namely [3.23] 

B = 2(Af+ F) = 2{().0+ 1}F. (3.47) 

We emphasize that Eq. (3.47) is an approximation for the bandwidth of an FM-

and PM-wave. In paragraph 3.3.1, we have mentioned that the use of band-pass 

filters at the demodulator inputs prevents the laser intensity noise to be transmit 

through the FDPD and also reduces the input sensitivity of the FDPD. From 

Eqs. (3.43), (3-45) and (3.47), we can see that the band-pass input filters must be 

designed for a central frequency equal to the heterodyne frequency Afh and with a 

bandwidth of B - 2FS = Afh, because the A/D converters of digital FDPD works at 

one half of the heterodyne frequency. 

From Eq. (3.45), the maximum amplitude-frequency product is given by 

<«-*u.==¼=¾- (3-48) 

that is, for ß = 14 unr1 [Eq. (3.3), Figs. 3.1 and 3.3, 2a = 90*] and Fs = 227.5 kHz, 

(u-F)max = 8 mm-Hz. Using Eqs. (3.2) and (3.41), the maximum acceleration for a 

periodic movement is 

üniax=ua 2 = 4jjB.Q. (3.49) 

Substituting Eq. (3.41) into Eq. (3.49), the maximum acceleration is then given by 
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Following Eqs. {3.48) and (3.50), the maximum admitted amplitude u m a x and 

acceleration u m a x as a function of the vibration frequency F is plotted in Fig. 3.52 

for ß= 14 onr1 . The curve (a) is calculated for the highest available sampling 

frequency Fs = 227.5 kHz and the curve (b) for the lowest available sampling 

frequency Fs = 14.22 kHz (see § 332). 

100-M 

1 10 
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Fig. 3.52 Maximum vibration amplitude (plain line) and acceleration 

(doted line) as a function of the vibration frequency for the 

digital FDPD with Fs = 227.5 kHz [curve (a)] and Fs = 14.22 kHz 

[curve (b)]. 

For the experimental test, we employed as vibrating object a compact piezo­

electric transducer with a high resonance frequency of 22 kHz (Physik Intrumente 

P 810.10). To avoid a reduction of this resonance frequency, we utilized as 

reflecting surface a piece of polished silicon (1.5 x 1.5 mm2) fixed on the PZT by 

the capillary force of an oil film. The two 12-bit digital output signals were 

acquired at a sampling rate of 227.5 kHz and processed off-line to recover the 

phase information. This sampling rate leads to a maximum phase rate of 

0.7 rad/usec (ß s 14 um"1) or equivalently to a maximum speed of the vibrating 

surface Vj113x = 50 mm/sec. 
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Fig. 3.53 Sinusoidal vibration of a piezo electric transducer at 15 kHz. 
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The reconstructed phase and the normal displacement of the surface are shown 

in Fig. 3.53 when the PZT was driven by a sinusoidal excitation of frequency of 

about 15 kHz. The peak-to-peak vibration amplitude is about 1 urn, which is 

nearly the maximum permitted amplitude at this excitation frequency (see 

Fig 3.52). Beyond the maximum phase amplitude-frequency product, the signal 

processing does not work properly and the reconstructed phase looks like the one 

shown in Fig. 3.54. 
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Fig. 3.54 Reconstructed phase when the vibration amplitude exceeds 

the maximum admitted value given by Eq. (3.43). 
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We also measured the vibration amplitude of the FZT at various vibration 

frequencies (5,10,15 and 20 kH2) and for several excitation voltages (1, 2, 4, 8 and 

11 V). The results are shown in Fig. 3.55. The dashed curve corresponds to the 

maximum admitted amplitude umax for a sampling frequencyof Fs = 227.5 kHz 

(see Eq. 3.45) 
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Fig. 3.55 Vibration amplitude as a function of the vibration frequency 

for excitation voltages of 1, 2, 4, 8 and 11 V, respectively. 

The situation is quite different with the analog FDPD. Indeed, when the optical 

phase amplitude-frequency product becomes high, the output folded signals get 

very complicated. The spectrum of these signals occupies a wide frequency range 

and the higher frequency components will be affected by the low-pass filters. 

Therefore, the bandwidth of the folded signal, which is given by the phase 

amplitude-frequency product, should be kept sufficiently narrow to avoid 

distortion of the output signals. From Eqs. (3.43) and (3.45), an estimation of the 

maximum allowed phase amplitude-frequency product is given by 

(¢0 F ) m a x = ^ = * f c ' (3.51) 

where the sampling period TS of the digital FDPD has been replaced by T = l/(27ifc), 

which represents the time constant {averaging time) of the low-pass filter. Thus, 

for a cut-off frequency of fc = 6.9 kHz, the maximum phase amplitude-frequency is 

equal to approximately (ç0 • F) = 22 rad • kHz . 
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3.6 Conclusion 

In this chapter, we have presented a powerful approach for performing 

demodulation of heterodyne interferometric signals. For this purpose, a novel 

full-dynamic phase-demodulator (FDPD) for heterodyne interferometric 

vibration measurements has been developed and tested. Contrary to a 

conventional phase-demodulator, which has a limited dynamic range of ± 90", 

the proposed phase-demodulator has an unlimited dynamic range. Indeed, the 

signal processing program recovers (off-line) the phase information, that is the 

displacement of the surface under test from two output signals in quadrature. It 

has been proven, theoretically and experimentally, that phase-demodulation is 

superior to frequency-demodulation at low vibration frequencies, because the 

displacement sensitivity is constant with vibration frequency for PM-

demodulation and does not decrease as for FM-demodulation. 

Two versions of the FDPD have been developed. The analog version uses active 

low-pass filters (cut-off frequency = 6.9 kHz) to eliminate the carrier frequency 

(227.5 kHz) after mixing. Furthermore, an improved version, which uses 

synchronized A/D converters working at one half of the heterodyne frequency 

(227.5 kHz), has been realized. This digital version has an extended frequency 

response, since a new value of the phase difference between probe and reference 

signals is obtained every 4.4 usee. Consequently, the analog and digital versions 

allow to measure and to analyze complex and arbitrary movements of objects for 

vibration frequencies ranging from dc to approximately 115 kHz. This upper limit 

is not inherent to the principle of operation of the FDPD but is fixed by the choice 

of the heterodyne frequency (actually 455 kHz). 

The input sensitivity of the FDPD is about 5 mV and the dynamic range is more 

than 80 dB. Noise measurements have shown that for a CNR = 68 dB (3 kHz 

bandwidth), an equivalent phase noise measured with optical signals of 

approximately 8 urad/VHz and 10 urad/VHz can be obtained for the analog and 

digital version, respectively. Actually, the performance of the FDPD is limited, for 

vibration frequencies below 1 kHz by the mechanical vibrations of the optical 

setup due to the noisy environment and for frequencies above 1 kHz by the 

applied input noise (limitation due to the CNR). 
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4. Noise resistant signal processing 
for white-light interferometry 

Most parts of this chapter have been published as regular papers in international 

journals or presented at conferences [4.1, 4.2, 4.3]. 

In white-light interferometry, a broadband source is used instead of a highly 

coherent laser [4.4], Thus, white-light interferometry allows to make absolute 

measurements rather than incremental measurements, overcoming the phase 

ambiguity limitation from which one-wavelength interferometers suffer [4.5, 4.6, 

4.7]. Moreover, electronically scanned white-light interferometry [4.1, 4.2], where 

the interferogram is scanned in space with a photodiode array, rather than in 

time, permits to increase both speed and mechanical stability of the measurement 

system. 

In this chapter, we present an original method to find the center position of the 

white-light fringes. It works in two steps. First, the center of gravity of the power 

of the interference signal is calculated to better than half a fringe period, second,. 

the phase of the fringe signal is determined to get the exact center position of the 

white-light fringes. For the implementation of this method we introduce a novel 

optimum sampling concept, which is based on synchronous sampling with four 

samples per fringe period. The theoretical predictions for systematic and statistical 

errors will be compared with computer simulations. Experimental results show 

how this novel signal processing is particularly adequate for white-light fringes 

scanned by linear detector arrays. Finally, we propose to apply this signal 

processing scheme to absolute force measurements, using the induced 

birefringence in an optical monomode fiber. Actually, many different white-light 

interferometers using either single-mode or highly biréfringent fibers have been 

studied as force [4.2], strain [4.8] and pressure [4.9] sensors. But here, we introduce 

an novel solution for the receiving interferometer, which uses a Wollaston 

prism to compensate the phase retardation induced by the force [4.1, 4.2,4.8]. 

The theoretical analysis and experimental results presented in this chapter show 

that this proposed method to analyze white-light interferograms is simple to 

operate, fast, accurate and extremely noise resistant. 
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4.1 Signal processing 

4.1.1 Center position of white-light fringes 

A typical white-light fringe signal, as shown in Fig. 4.1, can be described by 

s(x) = sdc(x)+sac(x) = sdc(x) + F(x-xs)cos 
2JÏ(X-X S ) 

+ g(x,o), (4.1) 

where A is the fringe period and F(x) is the fringe envelope, which is given by the 

modulus of the complex degree of coherence (see § 2.2.2). The dc-part of the signal 

Sdc can change slightly from one pixels to another because the light intensity is 

not constant through the photodiode array. In Eq. (4.1) the noise is taken into 

account by g(x,o), which is assumed to be Gaussian noise with variance a2. 

Fig. 4.1 Typical white-light fringe signal s(x) with Gaussian noise as 
described by Eq. (4.1). 

This signal is sampled at the positions xn = nb , where n is an integer with -N /2 < 

n £ N/2 and b is the center-to-center spacing of the photodiode array pixels used 

to sampled the interferogram. To determine the center position xs of the white-

light fringes, the center of gravity xsi of the power of the ac-part sac is calculated 

from its total power A and its first moment B, using the equations 
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and 

A = X[SaC(Xn))
2- (4.2) 

n 

B = 5>- [ s a c (x n ) f , (4.3) 

X8I = J . (4.4) 

Note that both values xs and xsi are in general fractional values of the sample 

positions. For a signal without noise, we get for the center position exactly xsi = xs. 

However, for a signal with noise, x s l has a statistical error and a systematic error, 

as explained in the next paragraph. 

4.1.2 Statistical and systematic errors 

In this paragraph, we only consider the ac-part sac(x) of the white-light fringes as 

described by Eq. (4.1). This signal can be decomposed in two parts. First, the fringe 

signal without noise f(x) given by 

f(x) = F(x-x s)cos 
2n(x-x s) (4.5) 

where A is the fringe period and F(x) is the fringe envelope. Second, the Gaussian 

noise g(x, a) with variance o 2 (see Annex C). We get the total power A of this 

signal and the first moment B of the signal power by 

A = X[f(x„) + g(xn)f, (4.6) 
n 

and 

B = I n [ f ( x n } + g(xn)f, (4.7) 

with -N /2 < n < N/2 and where f(xn) and g(xn) are the sampled values of signals 

f(x) and g(x), respectively. 
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The center position xs of sac is given by 

B 
*s=J- (4.8) 

The average of A is equal to 

(A) = ( S [ f ( x n ) + g(xn)]2\=X{[f(xn) + g(xn)f) 

^ n ' n (4.9) 

n n n 

Using the results obtained in Annex C for the statistical properties of sampled 

Gaussian noise, we can substitute Eqs. (C.2) and (ClO) into Eq. (4.9), to find that 

(A) = A f +(N+l ) - c 2 , (4.10) 

where Af is the total power of the ac signal without noise, given by 

A f = E f ( x n ) 2 (4.11) 
n 

Similarly, we get for the average of the first moment of the signal power B, using 

Eqs. (C.2) and (C.17), 

(4.12) 

<B) = /Sn [ f{x n ) + g{xn)]2\ = X{n[f{Xn) + s(x n ) f ) 

= Z n f ( x n ) 2
 + Xn(g(x n ) 2 ) + 2Xnf(xn)(g(xn)) .B f , 

where 

v2 
B f = L n f ( x n ) Z (4.13) 

n 

is the first moment of the ac signal power. 
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Using Eqs. (4.10) and (4.12), the average value of the center position xs is given by 

<Xs) = M = 5l (4,14) 
V Sl (A) Af+(N + I)CT2 

To calculate the statistical error 8xSi we use the standard equations for the 

propagation of errors [4.10] 

with < AAAB > being the covariance between A and B. This yields 

5XS
2 = - ^ 2 [ ( X S ) 2 { A A 2 ) - 2 ( A A A B ) ( X S ) + ( A B 2 } ] . (4.16) 

After some calculations and using the statistical properties of sampled Gaussian 

noise (see Annex C), we find for the variance of A 

( A A 2 ) = 4CT2Af + 2 ( N + 1)CT4, (4.17) 

and for the variance of B 

(AB')- 40¾, +
 N < N + f + V, (4.18) 

where 

Cf = 2 n 2 f ( x n ) 2 , (4.19) 

is the second moment of ac signal power. The covariance between A and B is 

found to be equal to 

(AAAB) = ((A - (A)) • (B - (B))) = 4(J2Bf. (4.20) 
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From Eqs. (4.11), (4.13) and (4.19), it is helpful to express Af, Bf and Cf as a function 

of the center position xs, namely 

Af(xs) = Af(O) = Af0 = Af Vx5, (4-21) 

Bf(Xs) = AfX5 => B(O) = Bf0 = O, (4.22) 

and 

Cf(xs) = Cf(0) + A r x s
2 => Cf(O) = Q 0 *0 but Cf{xB)>C£o V x s * 0 , (4.23) 

where Afo, Bfo and Cfo are the values of Af, Bf and Cf for xs = 0. We would like to 

emphasize that Eqs. (4.21) to (4.23) are valid for all fringe envelope functions and 

that Afo and Cfo depend only on the fringe signal f(x) (signal without noise). 

For the further calculations we assume that the shape of the envelope F(x) is 

Gaussian, given by 

F(x) = mexp (x -x s } 2 

Ax' 
(4.24) 

where Ax is the width of the envelope and m is the fringe contrast. We can now 
find an analytical expression for Af with 

N/2 

Af= £f(xn)2= Jf(x)2dx * N » l , 
n=-N/2 

(4.25) 

which yields then 

. . m Ax /n 
Af=Af0 = - (4.26) 

Similarly, we find 

m2Ax3 fit Ax2
 A (4.27) 
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Substituting Eq. (4.22) into Eq. (4.14) we find 

M _ (B) _ 

4 

If (N+l)(c2/Af) « 1, which is usually the case, we obtain finally 

Jl' 
<xs)=x, 1-(N + I ^ -

(4.28) 

(4.29) 

Equation (4,29) shows that (xs) has a systematic error Ax5 given by 

A*s = (x s>- xs = -(N + I)^-X5 . (4.30) 

This systematic error is proportional to xs and to the noise power. Thus, for xs = 0, 

the systematic error becomes zero and the statistical average of the center position 

(xs) is equal toxs. 

Substituting Eqs. (4.10), (4.17), (4.18) and (4.20) into Eq. (4.16), we find 

fix«2=-
4a'A 

2 \\ s/ A s j 
[Af +(N+I)O2J 

12(N + l)(xs)
2 + N(N + I)(N + 2) q2 C f 0 

(4.31) 

24 

The statistical error 5xs becomes then 

20-JÄ7 

Af A f 

S x c = • 
Af + (N + l)c^ 

2 12(N+ l)x5
z+N(N+ I)(N+ 2) O^ C f0 

s 24 Af Af 

1/2 

, (4.32) 

where Ax5 =({x s)-x s) is given for a Gaussian envelope by Eq. (4.30) and 

(xs) = xs. For xs = 0, the statistical error 8xs is reduced to 
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Sx8(X5=O) = 
2<J-JAf 

A f+{N + l)a* 

N(N+ I)(N+2) o^ Qo 
24 A f

+ Af 

iV2 

(4.33) 

since for xs = 0, we have (xs) = 0. The statistical error 5xs is thus minimal when 

xs = 0. 

The validity of this theoretical analysis was checked by comparison with 

computer simulations using the scientific software Igor from WaveMetrics. In 

Figs. (4.2) and (4.3), the mean and the variance of xs are represented as a function 

of the noise standard deviation o when xs = 15 is fixed. To compute <xs> and 

<Axs
2>, we used the following values, namely: N = 256, m = 0.9, Ax = 25 and A = 4. 

It is interesting to note that for a * 0, the mean value of the center position <xs> is 

always smaller than the true value xs, as explicitly given by Eq. (4.30). The 

systematic and statistical error are shown in Figs. (4.4) and (4.5), when the center 

position is changed for a constant noise of o = 3 %. The other fixed values are the 

same as previously. We would like to emphasize again that for xs = 0, the 

systematic error Ax5 becomes zero and the statistical error Sx5 is minimal. As we 

can see from Figs. (4.2) to (4.5), the agreement between the theoretical predictions 

and the computer simulations is very good. 

The quality of the fringe signal can be defined by the signal-to-noise ratio (SNR) at 

the maximum of the envelope. From Eqs. (4.1) and (4.24 ), we get SNR = m2/o"2. 

Figure 4.6 shows Ax s /x s and Sx5 (X5) as a function of the SNR calculated with 

N = 160 and Ax = 35. Some values of the relative systematic error Ax s/x s and the 

statistical error Sx5 are shown in Table 4.1 for Ax = 35 pixels and for different SNR. 

Error 

Axs/xs(N=360) 

6xs (N=360) 

Sx5 (N=160) 

SNR [ dB] 

20 

0.14 

1.27 

0.78 

30 

0.016 

0.27 

0.24 

40 

0.0016 

0.076 

0.075 

50 

O.00O16 

0.024 

0.024 

Table 4.1 Theoretical values of the relative systematic error Axs/xs and 

the statistical error Sx5 (pixels) for a Gaussian envelope of 

width Ax5 = 35 pixels. 
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T 1 i [ i 1 1 1 1 1 1 1 r 
0 1 2 3 4 5 6 7 

noise c [ % ] 

Fig. 4.2 Theoretical prediction (plain line) and computer simulations 

(dots) for the mean value of the center position xs as a 

function of o~. 

T T ^ - " 1 ' 1 • 1 ' 1 • 1 r 

0 1 2 3 4 5 6 7 

noise o [ % ] 

Fig. 4.3 Theoretical prediction (plain line) and computer simulations 

(dots) for the variance of the center position X5 versus a. 
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-60 -40 -20 O 20 40 60 

Fig. 4.4 Theoretical prediction (plain line) and computer simulations 

(dots) for the systematic error as a function of xs. 

af 

Fig. 4.5 Theoretical prediction (plain line) and computer simulations 

(dots) for the statistical error as a function of xs. 
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Fig. 4.6 Systematic and statistical errors as a function of the signal to 

noise ratio with N = 160 and Ax = 35. (a) relative systematic 

error and (b) statistical error. 

Equations (4.29) and (4.32) show that for xs = 0 the systematic error Ax3 disappears 

and the statistical error Sx5 becomes minimum. Therefore the accuracy can be 

improved by iteration. First, we calculate the center position xsi of the signal as 

described above. Second, we take as new origin the sample position xo2 next to xsi. 

Thus, the new center position xS2 is close to zero. This procedure reduces both the 

systematic and the statistical error. The statistical error Sx5 can further be reduced 

by limiting the number of samples (N+l) around the new origin XQ2- However, 

the number of samples must be large enough to cover the whole range where the 

fringes are visible and symmetrically distributed around the new origin xo2- Once 

the error for the center of gravity is smaller than half a fringe period A, the phase 

4> = - 2rcxs/A of the white-light fringes can be determined without ambiguity. 

4.1.3 Optimum sampling concept 

For the implementation of the described method we introduced an optimum 
sampling concept, which is based on synchronous sampling with four samples 
per fringe period, i.e. b = A/4 as shown in Fig. 4.7. The white-light fringe signal 
without noise is given, as previously mentioned, by 
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s(x) = 8 d c ( x ) + F ( x - x s ) c o d - ^ + o L (4.34) 

with <t> = - (2nx$)/A. The range R of the sampled signal can be written as 

R = 2 n M - , 
A 

(4.35) 

where M is the number of available pixels on the photodiode array. Using a small 

number of pixels per fringe period is advantageous, because it allows to enhance 

the range of measurement R and to reduce the cost of the detector. 

nmmffl 
n-l n-2 n n+1 n+2 

1 1 1 1 1 1 1 1 1 1 1—• 
Fig, 4.7 Synchronous sampling with four samples per interference 

fringe period. 

Two local values of the signal s(x) are calculated per period, namely 

Sn = 2[s¢x^-l)-S(Xn+l)] = F ( x n) s i n f ^ f + ¢} 

(4.36) 

and 

=n = ^ [ s (Xn) - | [ s ( x n + 2 ) + S(xn_2)]j = F ( X n ) C O S ^ + o j . (4.37) 

The local power of the ac signal is then given by 

F n
2 = F(xn )2 = C n

2 + Sn
2 , (4.38) 
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and Fn is a good approximation for the local value of the envelope. If we use Fn in 

Eqs. (4.2) to (4.4) instead of sac(*n) to calculate the center position xs, the systematic 

error given in Eq. (4.30) is even reduced by a factor of 7/16 (see Annex D). The 

phase O of the fringe signal is determined with the help of the complex value 

Cn + i S n =Fnexp{Ì|iJexp{i<Dn}, (4.39) 

from which the local phase On is obtained through 

* n =arg{(- i ) n (C n + iSn)}. (4.40) 

Now, the phase <I> is calculated as the average of O n over as many periods as 

possible with a reasonable SNR. The center position of the fringes expressed in 

pixels is then 

2 * 
X 4 , = - , (4.41) 

71 

since 4 pixels are equal to one fringe. Therefore, in Fig. 4.6 and in Table 4.1, an 

error of 5xs = 1 corresponds now to a quarter of a fringe and for 5xs < 0.66 the 

probability to find the center of gravity xs within the correct fringe period is better 

than 99.7 %. 

4.2 Experimental validation of the theoretical 
mode l 

4.2.1 Optical setup 

This novel signal processing method for white-light interferometry has been 

investigated with the help of the polarization interferometer shown in Fig. 4.8. 

The broad-band source was a LED emitting at X = 880 nm (ABB HAFO 1A225) 

with a spectral width AX of about 50 nm (coherence length = 16 (im). After the 

lens Li the beam is collimated with a diameter of approximately 1 mm. The 

linearly polarized light is oriented at 45" with respect to the birefringence axis of 

the Soleil-Babinet compensator (SBC). Therefore, two linear polarizations shifted 



in phase by the retardation of the SBC are obtained at its output. The beam is then 

enlarged by the lens L2 and L3 to fill the whole aperture (15 mm) of the Wollaston 

prism (W). The retardation varies linearly across the Wollaston. This causes the 

relative phase between the two polarizations to change linearly across the beam 

section. Interference between this two polarizations is then obtained by using a 

dichroic sheet polarizer (DSP), oriented at 45* with respect to these polarizations. 

L4 Reticon 

LED 

Fig. 4.8 Experimental set-up: PH: pinhole; GTP: Glan-Thomson 

polarizer. 

The detector was a linear photodiode array of 512 pixels with a center-to-center 

spacing of 25 Jim (EG & G Reticon S Serie) and a line scan time of 30 ms. The 

Wollaston was designed to produce fringes of about 100 ^m separation. Therefore 

synchronous sampling with 4 pixels per period was obtained for 1:1 imaging by 

the lens L4. By adjusting the distance between the lens L4 and the detector, the 

imaging can be exactly adjusted, however, the results showed that this 

adjustment is not critical. The width of the envelope of the fringe signal (half 

power points) was equal to about 15 fringes, which corresponds to Ax = 35 pixels 

in Eq. (4.24). 

4.2.2 Experimental results 

The fringe signal s(x) obtained from the photodiode array is shown in Fig. 4.9. 

The average irradiance is not uniform across the array and therefore the number 

of sampled pixels was limited to within the range between the half irradiance 

points of the light spot on the detector (N = 360). 

The first measurement, with the origin XQI = 0, gives the center position x s i . 

Then, to suppress the systematic error and to lower the statistical error, a new 
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origin xo2 close to xsj is defined and the number of samples around X02 is reduced 

to a width slightly larger than the fringe signal (N = 160). With these conditions a 

new value xS2 for the center is obtained. The center position of the fringes xcj», 

expressed in pixels, is then calculated following Eqs. (4.40) and (4.41) from the 

average of the local phases O n over about 40 pixels around xS2- The non-

uniformity of the light spot on the photodiode array involves a distortion of the 

signal which influences the center of gravity but not the phase of the fringes. 

Therefore, it is not necessary to compensate this non-uniformity, unless the 

resulting error for the center of gravity becomes larger than half a fringe period. 

s 

in N = 360 
1 " T T - T 1 M I I I I I I I I I I I I l I I I I I I I I I I T T ] 1 I T T I I r I I I I I 

-200 -100 0 100 200 
no. pixels 

Fig. 4.9 Fringe signal s(x) obtained from the photodiode array 

(SNR = 63 dB). 

The experimental results for the center of gravity xsi and xs2 versus the SBC 

retardation are shown in Fig. 4.10 by the squares and circles, respectively. The 

statistical reproducibility was measured to be 8xsi s 0.26 pixels and 5xS2 s 0.18 

pixels, which corresponds to a SNR of about 31 dB (see Table 4.1). The observed 

deviations from the linear fit are reproducible and have a periodicity of 2K in the 

retardation of the SBC. This effect could not be explained yet, but simulations 

showed that it seems to be independent of the parameters involved in the signal 

processing. 

The experimental results for the calculated phase O, expressed in numbers of 

pixels X(J), are shown in Fig. 4.10 by the crosses. The linearity is nearly perfect and 

the statistical reproducibility 5x<r> was about 4-10-3 pixels. The necessity for 
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iteration is also apparent in Fig. 4.10 from the difference between the squares 

(before iteration) and the circles (after iteration), which is nearly four pixels or 

one fringe order. 

.23 
a .a 
a 

.a 
c 

O 

a« 

Ö 

2 4 6 8 

Soleil-Babinet retardation {rad] 

Fig. 4.10 Center position of the white-light signal versus SBC 

retardation for SNR = 31 dB: squares, center of gravity xsi; 

circles, center of gravity xS2 (after one iteration); crosses, zero 

fringe position x«t (phase). 

SRN [dB] 

Fig. 4.11 Statistical reproducibility of the center position xS2 [curve (a)] 

and the phase CE» [curve (b)] as a function of the signal-to-noise 

ratio SNR. 
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The statistical reproducibility of the center position xS2 and the phase O was also 

measured for different SNRs, which were obtained by attenuating the light 

intensity with gray filters, with the assumption that the noise is mainly electrical 

noise from the photodiode array. The results are shown in Fig. 4.11 and, for the 

center of gravity, agree well with the theory. As can be seen from Figs. 4.10 and 

4.11, the presented signal processing works perfectly well, even with a SNR as low 

as 30 dB. 

As we will see in the next paragraph, we used this method to measure the 
absolute force from the induced birefringence in an optical fiber, which replaces 
the Soleil-Babinet compensator in Fig. 4.8. 

4.3 Force measurement by white-light 
in terferometry 

4.3.1 Polarizing interferometer 

The heart of the force sensor is a polarizing interferometer, as shown in Fig. 4.12. 

Two orthogonal linear polarizations are injected into a single-mode fiber. The 

applied force induces a linear birefringence. Thus, two orthogonal polarizations 

shifted in phase are obtained at the fiber output. A linear polarizer is then used to 

cause the two polarizations to interfere, upon which they are detected. 

1 single-mode fiber 

-Œ i F = mg 

input linear 
polarizations 

V* 
Ï 

polarizer 

-F output 
polarizations 

Fig. 4.12 Polarizing interferometer (birefringence). 

The retardation <t> between the two orthogonal polarizations is given by [4.11] 

¢ ^ ¢ , - ¢ 2 = ^ ¾ (4.42) 
Xr 
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where C is the stress-optic coefficient, m is the mass, g is the gravity constant, X is 

the wavelength of light and r is the fiber radius. For fused silica and for X = 633 

run, the stress-optic coefficient has a value of C = - 3.710-12 m 2 / N [4.12]. From Eq. 

(4.42), the retardation dispersion is given by 

1 É * 
QdX C dXX' 

(4.43) 

and for X = 633 nm, we have (1 / G>)dO / dX = - 1.5 urn - 1 [4.13]- Using Eqs. (4.42) 
and (4.43), the sensor sensitivity at X = 880 nm is then, O/m = 7.23 rad/kg (2r = 80 
um) or <f / m s 4.62 rad/kg (2r = 125 um). 

The force sensor is shown in Fig. 4.13. This setup is similar to that described in 

chapter 4.2 (see Fig. 4.8), with a single-mode optical fiber replacing the Soleil-

Babinet compensator. The polarization of the light is oriented at 45° with respect 

to the induced birefringence axis. Since the source is encapsulated in a case with a 

built-in glass lens, the use of a supplementary optical system to launch light into 

the fiber is not necessary. The optical power injected into the fiber was 

approximately 1 p.W. At the output of the polarizing interferometer, we 

measured a SNR of approximately 44 dB. 

Li 

DSPi 
m 

-fri ry-fj-r'7-

LED 

W 
Reticon 

I B 

100 mm 40 mm 

- * » - 2 f 

Fig. 4.13 Optical setup for absolute force measurement. DSP: dichroic 

sheet polarizer; W: Wolìaston prism. 

Contrary to previous experiments [4.12], which used a signal processing based on 

two signals in quadrature to count the number of periods and to interpolate the 

phase accurately (incremental measurement), the method proposed here allows 
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40 pixels around xS2 as shown in Fig. 4.15. This curve is approximately flat around 

the origin xS2, because the condition of four pixels per period was obtained by 

adjusting the distance between the lens L4 and the detector (see Fig. 4.8). 
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Fig. 4.15 Local phase of the fringe signal. 

4.3.2 Experimental results 

Several types of optical fibers have been investigated and tested in view of their 

utilization in an optical fiber force sensor. As a preliminary remark, we would 

like to mention that the employment of certain fibers was not possible for the 

white-light force sensor by reason of the presence of speckles within the output 

light spot. For example, we tried to used fibers where the coating was first 

removed to avoid relaxation effects when the force is applied on the fiber. But in 

this situation we always observed speckles at the fiber output. 

For each type of fiber, the center position xsi and xS2 {after one iteration) have 

been measured as a function of the applied mass on the fiber. Moreover, the zero 

fringe positions x$ have also been determined. For a given mass, the 

measurement has been repeated ten times without removing the load. Then, the 

average and the variance of measurements have been calculated. The statistical 

reproducibility is so given by the square root of the variance. The sensor 

sensitivity has been deduced from the slope of the curve x$ versus the mass. All 

these measurements have been made with coated fibers. 
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4.3.2.1 Fiber SM800 (3M) 

The fiber SM800 from 3M is a standard single-mode fiber with a cut-off 

wavelength [4.10] of approximately 800 run. Thus we are sure that at 880 nm this 

fiber is monomode. Its diameter is 80 firn and so a sensitivity of approximately 4.6 

pixels/kg can be expected. 

The experimental results obtained with this fiber are shown in Fig. 4.16 where the 

center position xsi, xS2 and the zero fringe position x^ versus the applied mass are 

plotted. The observed deviation from the linear fit for masses lower than 2 kg is 

due to the intrinsic fiber birefringence. Indeed, single-mode optical fibers are 

biréfringent as a result of elliptical core cross section and residual mechanical 

stress. This intrinsic fiber birefringence can be avoided by using low-birefringence 

fibers. A summary of the experimental results collected with this fiber is given in 

Table 4.2. 

The measured sensor sensitivity is lower than the theoretical value given by Eqs. 

(4.42) and (4.43). Since the force is not directly applied to the fiber itself but to the 

coating, a reduced sensor sensitivity was expected. The reproducibility Sx^ = 1/570 

fringe is quite good, thanks to the high SNR of 44 dB. This value corresponds 

very well with theoretical calculations (see Fig. 4.6). 

Signal-to-noise ratio: 

Sensor sensitivity: 

Reproducibility: 

SNR = 44 dB 

4<ï>/27im = -4.04 pixels/kg 

Sxsi s 0.053 pixel (1/75 fringe) 

8xs2 = 0.045 pixel (1/89 fringe) 

8x4, = 0.007 pixel (1/570 fringe) 

Table 4.2 Experimental results obtain with the fiber SM800 (3M). 

We also investigated the stability of the sensor during a period of five hours. The 

fiber was loaded with a constant mass of 1 kg, applied at time t = 0. Four times per 

minute x si , xS2 and x$ were measured. The results are shown in Fig. 4.17, as 

curves (a), (b) and (c), respectively. 



mass [ kg ] 

mass [ kg ] 

Fig. 4.16 Center position versus mass for fiber SM800 (3M): squares, 

center position xsi; circles, center position xS2 (after one 

iteration); triangles, zero fringe position x^ (phase). 
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Fig. 4.17 Long-term stability for fiber SM800 (3M): center position x si 

[curve (a)]; center position x52 (after one iteration) [curve CD)]; 

zero fringe position x<j, (phase) [curve (c)]. 
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In Fig. 4.17, the difference between xS2 and x$ is due to the nonuniformity of the 

light spot on the detector. This nonuniformity (see Fig. 4.14} is caused, first, by the 

fixed pattern noise which is due to the fact that alternate photodiodes are sampled 

on different clock phases, second, by the different sensitivities of the individual 

pixels generated by process variations and, third, by vignetting effects of the 

optics. This nonuniformity involves a distortion of the detected signal, which 

influences the center of gravity xs but not the phase x$ of the fringes. Therefore, it 

is not necessary to compensate for this nonuniformity, unless the resulting error 

for the center of gravity becomes larger than half a fringe period (2 pixels). We can 

see that x si , xS2 and x,j undergo a drift of approximately -0.011 pixel/hour. The 

difference between x$ at t = 0 and t = 300 minutes was about 1/16 of a fringe. This 

drift is due to the relaxation effects into the fiber coating. Figure 4.17 [curve (c)] 

shows also, that the determination of the zero fringe position x$ from the 

detected white-light fringe signal is remarkably stable and accurate. 

4.3.2.2 Fiber LB800 (York) 

This fiber is a low-birefringence optical fiber with a core diameter of 125 urn and a 

cut-off wavelength of about 800 nm {4.14]. The expected sensor sensitivity is 3 

pixels/kg. The results for x si , xS2 and x$ versus mass are shown in Fig. 4.18 as 

curves (a), (b) and (c), respectively. The linearity is nearly perfect even for masses 

lower than 2 kg. A summary of the experimental results collected with this fiber 

are given in Table 4.3. 

Signal-to-noise ratio: 

Sensor sensitivity: 

Reproducibility: 

SNR = 37 dB 

4d>/2jtm = -3.06 pixels/kg 

Sxsi = 0.17 pixel (1/24 fringe) 

5xs2 s 0.10 pixel (1/40 fringe) 

5x<i = 0.036 pixel (1/110 fringe) 

Table 4.3 Experimental results obtain with the fiber LB800 (York). 

We used an optical setup slightly different than the one used previously. In fact, 

we employed three lenses instead of one to fill the whole aperture of the 

Wollaston prism. Thus, a lower optical power reached the detector and we 

measured a lower SNR of 37 dB. 
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4.4 Conclusion 

Through this chapter and with an outstanding signal processing, we have 

demonstrated that white-light interferometry is a powerful alternative to classical 

interferometry for numerous optical sensors. In fact, white-light interferometers 

exhibit a number of advantages over conventional systems, among others: a large 

unambigous operating range and, therefore, the possibility to make absolute 

measurements; the potentiality to identify the interference order when the 

interferometer is switched on and off; a high resolution and the possibility to 

employ inexpensive sources like LED or super luminescent diodes. 

A signal processing method for white-light fringes, based on the calculation of the 

center of gravity of the fringe power (square modulus of the coherence function), 

has been presented. In addition, an optimum sampling concept has been 

developed, which is based on synchronous sampling with four samples per fringe 

period. This concept is particularly adequate for white-light fringes scanned by 

linear array detectors. The theoretical analysis and the experimental results show, 

that the proposed method is simple to operate, fast, accurate and extremely noise 

resistant. 

We have described a simple polarizing interferometer for measuring absolute 

force or pressure, employing the induced birefringence in an optical monomode 

fiber. For this application, we introduce an novel solution for the receiving 

interferometer, which uses a Wollaston prism to compensate the phase 

retardation induced by the force. The interferogram generated at the output of the 

white-light interferometer is analyzed by a novel signal processing. We have 

demonstrated that the center position of the fringe signal can be located with a 

precision of about 1/500 fringe for a SNR of 44 dB. Moreover, the described signal 

processing could be utilized, with some minor changes, in any electronically 

scanned white-light interferometer, 

The goal of the CERS research project with the company Hilti AG (Schaan, 

Liechtenstein) was the development of a sensor for surveying the force applied to 

bolts. For this application, the annular sensor shown in the top of Fig. 4.19 has an 

embedded optical fiber and remains permanently in the place of measurement, 

like a washer. The force acting on the sensor induces a birefringence in the 

monomode optical fiber which is measured with the polarizing interferometer 
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(see Fig. 4.13). The interferometer is mounted in the sensor head, as shown in the 

bottom of Fig. 4.19. 

Sensor: 

O ^ 

optical fiber 

polarizer 

Sensor head: 

Fig. 4.19 Fiber optic force sensor. 

Wollaston 
prism 

polarizer 

tx> 

The problem of embedding the fiber had not been solved satisfactorily. Hence, 
further investigations had to be carried out to increase the reproducibility of the 
measurements. The investigation were focused on two geometry of sensors: the 
sandwich geometry and the groove geometry. As material for embedding the 
fiber, epoxy with powder of quartz has been used. The principal problem of this 
process is the induced birefringence due to the local mechanical stress of the fiber. 
This stress causes an uncontrollable deviation of the expected linear behavior of 
the induced retardation in function of the applied force [see Eq. {4.42)]. The choice 
of the fiber (diameter, intrinsic birefringence) has, as well, an influence on the 
performance of the sensor. 
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Finally, an issue that needs to be discussed shortly is the dispersion of optical 

components. Dispersion refers here to the variation in the speed of light as a 

function of the wavelength (chromatic dispersion) [4.15]. In contrast to 

inteferometry with highly coherent lasers, dispersion has to be considered in 

white-light interferometry, particularly when optical waveguides and fibers are 

involved [4.16], 

The practical implications of dispersion can bcome quite significant. For example, 

de Groot had shown theoretically and experimentally, that neglecting chromatic 

dispersion when the light propagates through fused silica can lead to an error on 

the measured distance of approximately 14 um/mm of glass thickness [4.16]. 

In the theoretical analysis developed in this thesis we made the assumption that 

the maximum of the coherence envelope F(x-xs) has the same position xs as the 

phase of the zero-order fringe <P = - (2nxs)/A [see Eq. (4.1)]. This is true only for 

strictly nondispersive sensing and receiving interferometers. For dispersive 

sensing or receiving interferometers, the measurand-induced displacements of 

the coherence envelope and the interference fringe are no longer identical. 

Urbanczyk and al. showed that the position of the coherence function and the 

zero-order fringe are determined, respectively, by the group and phase 

imbalanced optical path difference [4.17]. Moreover, the fringe envelope may 

present some asymmetry [4.5]. 

The signal processing presented in this chapter calculates first the center of 

gravity of the power of the interference signal to better than half a fringe period (2 

pixels). Then, the phase of the fringe signal is determined to get the exact center 

position of the white-light fringes. Therefore, if the dispersion of optical 

components induces an error on the position of the fringe envelope greater than 

2 pixels, the phase of the zero-order fringe calculated in the second step will be 

wrong (by an integer multiple of half a fringe period). Thus, dispersion effects 

should be carefully analyzed for white-light interferometric sensors before 

applying any kind of high resolution signal processing. 
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Annex A 

Annexes 

A. Phase demodulator: electronic circuits 

In this Annex, the detailed circuit diagrams of the full-dynamic phase 

demodulator (FDPD) are given. These circuits was originally designed by 

J.-F. Willemin. 

The concept of the FDPD is schematically shown in Fig. Al. The analog version 

consists of limiter amplifiers, mixers and active low-pass filters to eliminate the 

carrier frequency after mixing. In the digital version of the FDPD, the low-pass 

filter is replaced by a pulse-width to voltage converter followed by a synchronized 

A/D converter working at one half of the carrier frequency. 

• Input sensitivity: 5 mV 

• Dynamic range; more than 80 dB 

• Frequency response: dc - 6.9 kHz (analog FDPD) 

dc - 113.5 kHz (digital FDPD) 

reference 
signal 

probe 
signal 

Uout sig A 
• 

Fig. Al Full-dynamic phase-demodulator. 
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Practically, the FDPD was build on three printed Eurocards mounted in a 19" rack. 

Card #1: Analog FDPD, channel A 

• Input stage for the reference signal, (see p. 111). 

• Phase-shifter module, mixer and active low-pass filter (see p. 112). 

• Pulse-width to voltage converter and command circuit for the A/D converter 

(see p. 112). 

Card #2: Analog FDPD, channel B 

• Input stage for the probe signal (see p. 111). 

• Phase-shifter module, mixer and Active low-pass filter (see p. 113). 

• Pulse-width to voltage converter and command circuit for the A/D converter 

(see p. 113). 

Card #3: Digital FDPD, channel A and B 

• Synchronized A/D converter, channel A (see p. 114). 

• Synchronized A/D converter, channel B (see p. 115). 

• Computer interface (see pp. 114 and 115). 
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B. Signal processing for phase recovery 

The phase information, that is the displacement of the vibrating object, is 

recovered off-line from the two output signals in quadrature of the phase-

demodulator. We utilized the software Igor Pro 3.0 from WaveMetrics to 

implement the functions described in this Annex. 

Il 
11 SIGNAL PROCESSING FOR PHASE RECOVERY 

Il 
Il by Eric Zimmermann, vers. 3.1, ©IMT, September 1996 

I l 

Function Data_lnit(maxA, minA, maxB, minB) 
Variable maxA, minA, maxB, minB 

Variable/G max_A=maxA, min_A=minA 
Variable/G mean_A=minA+(maxA-minA)/2 
Variable/G threshold_A=(maxA-minA)/4 
Variable/G slope_A=(maxA-minA)/(2*pi) 

Variable/G max_B=maxB, min_B=minB 
Variable/G mean_B=minB+(maxB-minB)/2 
Variable/G threshold^B^maxB-minB)^ 
Variable/G slope_B=(rnaxB-minB)/(2*pi) 

End 

Il initialization 

/ / signal A 

Il signal B 

Function Phi_SigA(voltage) 

Variable voltage 

NVAR max=max_A, slope=slope_A 

return -(voltage-max)/slope 
End 

Il phase vs output voltage: 
Il signal A 

Function Phi_SigB(vol(age) 

Variable voltage 

NVAR mean=mean_B, slope=slope_B 

Il phase vs output voltage: 
Il signal B 

return (voltage-mean)/siope 
End 
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Function Phase_Recovery(WaveNameA, WaveNameB) 
String WaveNameA, WaveNameB 
Siring WaveNamePhase= WaveNameA+"_PhaseRec" 
Duplicate/O $WaveNameA, SWaveNamePhase 
Variable pwave=0, period=!, n_old=l, n=l 
Variable lengthwave=numpnts{$WaveNameA) 
Wave Awave=$WaveNameA, Bwave=$WaveNameB 
Wave Phasewave=$WaveNameFhase 
NVAR meanA=mean_A, thresholdA=threshold_A 
NVAR meanB=mean_B, thresholdB=threshold_B 

do / / determine the quadrant 
if ((Awave[pwave|>meanA) %& (Bwave[pwave]>=meanB)) 

n=l 
else 

if ((Awave[pwave]<=meanA) %& (Bwave[pwaveJ>meanB)) 
n=2 

else 
if ((Awave[pwave]<meanA) %& (Bwave|pwave]<=meanB)) 

n=3 
else 

if ({Awave[pwave]>=meanA) %& (Bwave[pwave]<meanB)) 
n=4 

endif 
endif 

endif 
endif 
if ((n_old==4) %&: (n==l)) Il compute the period 

period+=l 
endif 
if ((n_old==l) %& (n==4)) 

period-=l 
endif 
n_old=n 

do Il case structure 
if (n==l) Il first quadrant 

i/ (Bwavefpwave] <= meanB+thresholdB) 
Phasewave[pwave] =Phi_SigB(Bwave[pwave]) 

else 
Phasewavefpwave] =Fhi_SigA(Awave[pwave]) 

endif 
break 

endif 

if (n==2) Il second quadrant 

if (Awave[pwave] >- meanA-thresholdA) 
Phasewave[pwave] =Phi_SigA(Awave[pwave]) 

else 
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Phasewave[pwave] = 2*pi-Phi_SigB(Bwave[pwave]) 
endif 
break 

endif 

if (n==3) / / third quadrant 
if (Bwave[pwave] >= meanB-thresholdB) 

Phasewavelpwave] = 2*pi-Phi_SigB(Bwave[pwave]) 
eise 

Phasewave[pwave] =4*pi-Phi_SigA(Awave[pwavep 
endif 

break 
endif 
if (n==4) / / fourth quadrant 

if (Awave[pwave] <= meanA+thresholdA) 
Phasewave[pwave] =4*pi-Phi_SigA(Awave[pwave]) 

eise 
Phasewavefpwave] =4*pi+Phi_SigB(Bwave(pwave]) 

endif 
break 

endif 
while(O) 

Phasewavelpwave] = Phasewave[pwave]+4*pi*(period-l) 
pwave+=l 
while(pwave<=lengthwave) 

End 
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C. Statistical properties of sampled Gaussian 
noise 

The probability distribution p(g) of Gaussian noise is given by 

2a' 
(Cl) 

Using Eq. (Cl), the average <g> of the noise is equal to 

<s>= JVp(g)<*g=o. (C2) 

For the variance and for the moments of order 3 and 4, we find 

(Ag2) = <g2)= Jg2-P(g)dg = o2, (C3) 

(g3)= J g 3 1 P ^ d 8 = O, <C4) 

and 

<S4)= Jg4-P(g)dg = 3a< (C.5) 

Now, we consider Gaussian noise g(x,o) which is uniformly sampled at the 

positions xn, where n is an integer with - N / 2 S n < N/2. We define the average 

noise power as 

A* = NbIB2CXn), (C.6) 

and the first moment of the noise power by 
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Bg = N7l2>2(*n>- (C-T) 

The center position (center of gravity) of the Gaussian noise is then equal to [see 

Eq. (4.4)] 

Bc 
(C8) 

From the definition (C.6), the mean of Ag can calculated by 

. /N/2 \ . N/2 

(AB) = N 7 Ï U : ^ ) 2 = N T Ï X ( ^ » 2 ) -
W T 1 \ - N / 2 I -N/2 

Substituting Eq. (C.3) into Eq. (C.9), we obtain 

The variance of the average noise power is given by 

i2 

K2HV)-K) • 
where (Ag

2 ) is obtain from 

(V)-' 
1 N / 2 

-N/2 

(C.9) 

(ClO) 

(CU) 

(C.12) 

Explicitely, Eq. (C.12) can be developed as 

^ g ' (N + (N + I)' 

( N/2 ^ ( N/2 

ISM* 
Ln—N/2 ; 

Ig(Xr 
Vm=-N/2 

(C.13) 

then 
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N/2 

M^ài^^Wl^M' (C14) 
Substituting Eqs, (C.3) and (C.5) into Eq. (C.14), we obtain 

(V)=^H- (C15) 

From Eqs. (ClO) and (C.15), the variance of the average noise power is finally 

given by 

Using the definitions (C.7) and (C.8), we can calculate the average and the 

variance of the first moment of the noise power Bg. Without further details, we 

simply give the results, namely 

For the mean and the variance of Xg, we find 

It is important to note that we used the well-known propagation of errors 

equations to calculate /x g l and (AXg2) (see § 4.1.2). 

The validity of the theoretical analysis presented in this Annex was confirmed 

with computer simulations using the scientific software Igor from WaveMetrics. 

Only the most relevant results are presented here. Figs. C l and C.2 show the 

mean value and the variance of the average noise power Ag in function of the 

noise standard deviation o, as described by Eqs. (C. 10) and (C. 16). Following Eq. 

(C.17), the mean value and the variance of Bg versus the noise standard deviation 

a are plotted in Figs. C.3 and C.4, respectively. Finally, in Figs. C.5 and C.6, we can 

see the results for the mean value and the variance of xg as described by Eq. (C.18). 

These Figures show that the theoretical formulas developed here agree well with 

the computer simulations and, thus, they can be employed with confidence. 
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The essential theoretical results of this Annex are summarized in Table (Cl). 

(V/-2 

(V)-Sf-4 

M-ëi 

(¾)=° 

I 2 \_N(N + 2) 4 
\ B 8 / 6 ( N + I ) " 

K2MV) 

W=0 

; 2\ N(N+ 2) 
\ g ' 6(N+I) 

(V)=W) 
Table C l Statistical properties of sampled Gaussian noise. 
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3 4 

noise o [ % ] 

Fig. C l Theoretical prediction (plain line) and computer simulations 

(dots) for the mean value of the average noise power Ag as a 

function of o\ The number of samples is N = 256. 
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Fig. C.2 Theoretical prediction (plain line) and computer simulations 

(dots) for the variance of the average noise power Ag as a 

function of a. The number of samples is N = 256. 
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0 1 2 3 4 5 6 7 

noiseaf %] 

Fig. C.3 Theoretical prediction (plain line) and computer simulations 

(dots) for the mean value of the first moment of noise power 

Bg as a function of a. The number of samples is N = 256. 
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Fig. C.4 Theoretical prediction (plain line) and computer simulations 

(dots) for the variance of the first moment Bg of the noise 

power as a function of o. The number of samples is N = 256. 
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r 
0 1 2 3 4 5 6 7 

noise o ( % ] 

Fig. C.5 Theoretical prediction (plain line) and computer simulations 

(dots) for the mean value of the noise power center position Xg 

as a function of a. The number of samples is N = 256. 

100 

v 

Fig. C.6 Theoretical prediction (plain line) and computer simulations 

(dots) for the variance of the noise power center position Xg as 

a function of O. The number of samples is N = 256. 
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D. Center position using the fringe envelope: 
systematic error 

In this Annex, we will see that the systematic error Ax3 depends of the method 

chosen to determine the center position xs of the white-light fringe signal s(x). 

The first method consists of calculating the center position xs directly from the 

sampled signal s(xn) (see Fig. D.l). 

1st method 

Sampled signal s(xn) 

Determination of the ac signal: 
sac(xn) 

Ï 

2nd method 

Determination of the fringe 
envelope: F(xn) 

E 
n 

B = I"-hc(Xn)f 
n 

A = I[F(Xn)]2 

B = Sn-[F(Xn)]
2 

n 

Determination of the 
cente r position: x s = B/A 

systematic error Ax$ 

Fig. D.l Two different methods can be employed to determine the 

center position xs of the white-light fringe signal. 

For this method the systematic error is given by [see Eq. (4.30)] 

r2 
Ax5Ws-(N + I ) ^ 1 X , (D.l) 

where o2 is the variance of the Gaussian noise and Aft1) is defined as the total 

power of the ac signal without noise. For a Gaussian shape of the envelope, Af 

can be expressed as [see Eq. (4.26)] 
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A«™« ̂ J f . (D.2) 

Subsituting Eq. (D.2) into Eq. (D.l), we obtain for the systematic error 

A second and more interesting procedure consists of calculating first the local 

value of the envelope F(xn)/ using Eqs. (4.36) to (4.38). Then, the center position xs 

of the fringe envelope is obtained from 

x. ra-1 (D.4) 

where A is the total power of the fringe envelope, given by 

A = SF(Xn)2, 
n 

and B is the first moment of the envelope power, namely 

B = InF(Xn)2. 

(D.5) 

(D.6) 

Applying the same approach as the one described in § 4.1.2, the mean value of the 

center position xs(
2) becomes then 

x ( 2 ) s W. = ^ L -
W I + - ( N + I) 

(0.7) 

8K ;Af<
2) 

where Aft2) is the total power of the fringe envelope F(xn). If (N+l)(a2/Af) « 1, 

which is usually the case, we obtain finally 

(xs<
2)) = : 1-[(N + I) ° 

Af (2) (PJS) 
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From Eq. (D.8), the systematic error is found to be 

W2) = W-x»s™(N+1)fpyx.- (D.9) 

For a Gaussian envelope 

(x-xs)2 
F(x) = mexp 

Ax' 
(D.10) 

where Ax is the width of the envelope and m is the fringe contrast, we find 

N / 2 

Af(2)= Ì F ( x r ) 2 = jF(x)2dx if N » l . 
n=-N/2 _«, 

(D-Il) 

Then 

A f
| 2 , =m 2 AxJ^ . 

1 l b (D.12) 

This yields for the systematic error, when using the second method, 

8 mzAx V K 
(D.13) 

Comparing Eqs. (D.3) and (D.13), we see that 

16 
(D.14) 

Thus, using F(xn) instead of sac{xn) to calculate the center position, the systematic 

error is reduced by a factor of 7/16. 
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