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Principles of white-light interferometric techniques are described in this paper. Different spectral
decoding methods applied to low coherence interferometry are also presented. Among them one
can distinguish: direct recovering of an optical path difference with use of second interferometer as
a spectrum analyzing device, several wavelength interrogation with use of a spectrometer or
suitable narrow-band optical filters, and chromatic monitoring in a wider spectrum. The last
decoding method was applied to test the performance of fiber optic interferometric pressure and
temperature sensors. A diffraction grating was used to monitor a wide part of the output spectrum.
The phase shift induced by measurand changes in both sensors was determined with a fringe
counting method.

1. Introduction

In recent years, the optical fiber sensor technology is becoming more and more
popular. Especially interferometric sensors are of great interest since they offer high
resolution of measurements and large dynamic range [1]. Within fiber optic
interferometric sensors, these employing broadband spectral sources gain much
attention due to their many advantages like possibility of unambiguous measure-
ments, coherent noise reduction and coherency multiplexing. The sensing method
often called “white-light” or “low-coherence” interferometry was first reported in
1983 [2], At the beginning of the paper the principles of white-light interferometry
are presented. In general, changes of the optical path difference in white-light
interferometric sensors induced by external parameters can be detected by two
methods: spectral domain decoding and phase domain decoding. In this article, the
spectral decoding methods are carefully reviewed. Among them one can distinguish
the following: interferometer/interferometer configuration with direct recovering of
the optical path difference, monitoring of several wavelengths and chromatic
monitoring in a wider spectrum. At the end, the authors present preliminary testing
of a temperrature sensor based on a Fabry—Perot (F—P) interferometer and
a pressure sensor employing a “side-hole” fiber. The experimental data obtained
using a spectral decoding method were used to retrieve the information about the
optical phase. It was noticed that changes of a cosine fringe pattern in spectral
domain can be easily and in a simple way transferred to the value of the optical path
difference.
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2. Principles of fiber-optic white-light interferometric sensors

The general structure of a fiber-optic sensor consists of an optical source, optical
fibers, an element modulating an optical signal according to changes of a measurand,
an optical detector and processing electronics (Fig. 1). The final signal, which is the
output signal of the electronic block VO, depends upon the optical properties of each
system part. Thus, the general sensor response depends on the light modulation
introduced by measurand but also on many additional factors which must be taken
into account when results are interpreted. In general, the modulation of an optical
signal caused by the measurand can concern phase, polarization or intensity. In
multimode fiber sensors, the only parameter of the light wave which can be
conserved is intensity. In this case, the output signal of the sensor depends on the
delivered light intensity and its distribution in the wavelength domain. The
measurand can modulate the spectral distribution of light intensity due to different
phenomena: wavelength dependent absorption, luminescence, dispersion, scattering
and interference. The last one relies upon producing optical interference in
polychromatic light and is based on the fact that the condition for destructive
interference cannot be fulfilled simultaneously for all wavelengths. Therefore the
wavelengths corresponding to the destructive interference are shifted within the
source spectrum when the optical path difference changes. Since the optical path
difference depends upon the refractive index and the geometrical path difference, it
offers the possibility of monitoring mass density or displacement caused, for example,
by pressure or temperature. In practice, the interference in polychromatic light is
utilized in sensors named white-light interferometric sensors.

\b

Fig. 1 Structure of a multimode fiber sensor system.

The most basic fiber-optic sensor configuration used for white-light interfero-
metry is shown schematically in Fig. 2. Light from a broadband source L is
transmitted to the interferometric sensor S via a directional coupler and a fiber optic
link. At the sensor input the amplitude of the light EO is divided into two
components, Et and E2, which interfere with each other at the sensor output. The
optical path difference 5 between them depends upon the value of measurand. The
output of the sensor is coupled to an optical processor P that consists of a second
optical system necessary to extract information about the optical path difference.
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Fig. 2. Basic elements of a fiber-optic white-light interferometric sensor.

The processing system can take one of the two forms: it can be a spectrometer or
second interferometer (called the decoding interferometer). At the output of the
processing system there is an electronic unit E with a photodetector, which generates
an analog electrical signal proportional to the value of optical path difference, and
hence to the value of measurand [1], [2].

In the analysis of the polychromatic interference which takes place in a two beam
sensing interferometer, one can represent the output beams of a given frequency to in
the following way:

E~co) = Al(c)exp iLIfi{(),

E 2(to) = A2(@)exp iL 2P(co) )
where A*co) and A2(@>) are amplitudes of the beams, Lyand L2are the lengths of the
first and second arm of the interferometer and f}{&) is a propagation constant.

The propagation constant in dispersive medium for a given frequency to is
expressed by

Pifo) = — AT wwn(co) )

where A is the wavelength, cO is the light speed. The propagation constant is then
dispersion quantity that can be developed in Taylor series around frequency o0

dfi
P(to) = P(co0) +~-(co-(0Q)+... . €))
To obtain a more convenient expression for R@) it is necessary to differentiate

Eq. (2

did N(co0)
dto @

where N(co) is the group refractive index. When expression (4) is inserted into Eq. (3),
we obtain the final form of the propagation constant
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The two beams El(c0) and E2(cg) superimpose with each other at the output of the
interferometer. The resultant complex amplitude can be expressed as

E(co) = Ei(co)+E2(c0). (6)

The output amplitudes E”*co) and E2() are also influenced by transmission
coefficients:

JBi[@) = AortrexpiLiPia)),

E2f> = AO(o})t2(aj)expiL2P(a)) U
where tl(cu) and t2(co) are the spectral transmission coefficients related to the
respective arms of the interferometer and AO@ is the amplitude of the light wave at

the input of the interferometer for a frequency & According to Eqg. (6), the spectral
intensity of the light wave at the output is

I00) = \EI(0))+ E2(0))\2 = |EL(cu)]2+ | £ » |2+ 2Re{E£IHE£-2H }, )
which can also be written as
I,(co) = AO()2[ i 1(0j)|2+ |i2(co)|Z] + 2Re[TO(co)2i I(aj)t*H exp(E(co)AL] ©)

where AL = Ly—L 2is the geometrical path difference. After certain transformations
one can obtain a final expression for spectral intensity at the output of the
interferometer

I,(a) = 10(to) 1+ c(co)cos 2nn((e)ALY (10)
h
where
70(c) = AOco)2[|i (fti)j2+ [t2A<y)|2] (11)

is the spectral intensity distribution depending upon the source spectrum and the
spectral transmission coefficients of the interferometer and @) is a contrast function
that differs with respect to the frequency of the light and is given by

Ma>)t2(to)|

A =2 o2 liom |2

(12)

Integration of Eq. (9) over frequency gives the total light intensity at the output of the
interferometer

1= J/,(eo)da>. (13)
0

The integral of the first component of Eqg. (9) is
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10 = Ji40@E0)2(|i1(co)|2+ |i 2(0))[2)d(u. (14)
(0]

Using the expression for fA&) from Eg. (5) and changing the variable from to to
(co—o0a0), one can integrate the second component of Eq. (9) in the following way:

2Re Jy0(co)2i 1(ft))t2(a)) exp IP(co)A L] dm

2Rejexp [iI"K)A L] JJAO(co)2t"co - wO)t2(oj- o)

xexp i— AL@>—q0), dlco—o0
L co J
= 2Rejexp[i/?K)AL]McMAL)j (15)
where
(A L) =j-IF{\ (16)

is the Fourier transform of the function: {Jv40(cu)|2t L(W)i2((»)} multiphed by 2/70 and
represents the envelope of the interference pattern. Thus, finally, from Egs. (13)—(16)
the total intensity transmitted by the interferometer is

T3 N9 o eos(fi(cun)AL), 17)
\ co
which can also be written as
1(5) 1+ c(t)cos (18)
-A

where 10 is the average output intensity, 5 is the optical path difference between the
interfering beams (5 = nAL) and c(r) is the contrast function depending upon the
time delay r = NAL/cO (for non-dispersive media r = 5/c0) of the interferometer.

The essence of white-light interferometry consists in using spectrally broadband
instead of narrow-band source, which makes it possible to extend the range of
unambiguous (i.e., absolute) measurements of the optical phase difference from a single
to many interference fringes. This can be done due to the fact that cosine fringes are
modulated by the contrast function, which enables the determination of fringe order in
non-dispersive medium. In the case of narrow-band source the contrast function is
equal approximately to unity over many fringes and the unambiguous range of
measurements is limited to a single fringe [1]. Another situation is when polych-
romatic light propagates in a dispersive medium, for example, in a fiber optic
interferometer. Then, according to Eqg. (17), positions of fringes in the interference
pattern depend upon the phase optical path difference nAL and the position of the
pattern envelope depends upon the group optical path difference NAL.
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Equation (18) relates to the situation in which the group optical path difference
(c0t) between the two interfering beams is less than the coherence length (cotc,
where xc is the correlation time). Then interference effects occur in the spatial
domain. When the path difference is greater than the coherence length, it is
not possible to observe interference in the spatial domain, and it can be detected
in the spectral domain [3], [4], In this case, the interference pattern is described
by Eqg. (10) which can also be written after the change of the variable a = «/2tod)
as

1(a) = 10(a) [1 + c(a) cos(27a5)] (19)

where a = 1/2 is the wave number and $is the optical path difference. As can be
seen from Eqg. (19), the spectral transmission varies cosinusoidally with wave
number.

Interferometer responses

Tt Source spectrum

(N-D21T IN*3)2ir

Fig. 3. Spectral modulation of a two-beam interferometer.

The frequency of this spectral modulation is proportional to the path difference
K which is shown schematically in Fig. 3. One can notice that for 5= 0 there is no
spectral modulation and the interferometer is transparent for all wavelengths. If the
path difference 5 varies from zero, the function takes the form of cosine curve with
peaks at the points where ad = N, with N being an integer number indicating
fringe order. Therefore, the spacing of adjacent transmission peaks is proportional
to the inverse of the path difference (a ~ I/S). The output spectrum of the
interferometer is the source spectrum modified by the transmission function of the
interferometer.
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3. Review of spectral decoding methods applied
to white-light interferometric sensors

There are two fundamental decoding schemes for white-light interferometry: phase
and spectral domain decoding. In the case of the latter, a spectrum analyzing device
must be used as the optical processing element P. When this element is an
interferometer, it is not possible to get an exact information about spectral intensity
distribution. Then the measurement consists first in finding the state when the
transmission functions of both interferometers match with each other and next
simply retrieving a measurand value in the decoding interferometer. In this
procedure there is no explicit analysis of the spectrum. When the processing element
is a spectrometer, then a detailed spectral information is obtained which needs
subsequent methematical analysis to reveal information about optical path differen-
ce. Another solution is monitoring only a few (usually two or three) single
wavelenghts using two individual detectors and narrow-band optical filters. All these
possibilities are explained in the following examples.

3.1. Interferometer/interferometer configuration with direct recovering
of the path difference

This type of sensors is based on two interferometers: a sensing interferometer and
a decoding interferometer. The optical path difference in the first one is modulated
by the measurand and the path difference in the decoding interferometer varies
systematically either in a scanning or in a tracking mode to recover the path
difference from the sensing interferometer [5]. An example of such a sensor used for
measurements of displacements is shown in Fig. 4. In this case, the system consists of
two Michelson interferometers (of course, this type of sensors can also be built with
use of other interferometers, e.g., Fabry —Perot), broadband source and an electronic
block of feedback which drives one mirror in the receiving interferometer. The

I//>/L
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Fiber 9
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9 0 drive
Fiber Detector Electronics

Fig. 4. Example of fiber-optic interferometric sensor for measurements of displacements.
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measurand moves one mirror (the displacement of the mirror is ALJ in the sensing
interferometer which has the transmission function represented by Eg. (19), thus
depending upon the optical path difference (§ = 2nALj). In this way, the measurand
is encoded into the period of the optical spectrum that is transmitted to the processing
interferometer which analyzes this spectrum by changing its path difference
(b2= 2nAL2. Since the transmission function of the second interferometer has the
same form as the function of the first interferometer (Eg. (19)), when 5t = b2 both
functions overlap perfectly and the detected signal is the highest. In this situation, the
value of AL 2is reproduced in decoding interferometer, so that AL1= AL2and just by
measuring AL 2in a conventional way it is possible to get Lv As one can notice in this
scheme, the process of decoding spectral information is not connected with many
measurements and difficult mathematical operations on the spectra.

Fig. 5. Fiber-optic rotation sensor employing two interleaved transmission spectra.

Another scheme employing the interferometer/interferometer configuration is the
one utilizing interleaved spectra. This design has been used in a sensor for
measurement of angular rotations shown in Fig. 5. Here, the light from a broadband
source passes through a birefringent F—P Alter which transmits only selected
wavelengths satisfying resonance condition. A proper selection of the F—P filter
thickness B FXmakes it possible to create two transmission comb spectra shifted with
respect to each other by half of a period (interleaved comb spectra). These spectra
correspond to the eigenwaves of the filter and therefore they are transmitted along
each of the orthogonal birefringent axes of the filter. When the polarizer P from the
sensing part has its axis at 45° to the birefringence axis of the F—P filter the
intensities of both interleaved spectra are equal to each other. Rotation of the
polarizer will alter the relative intensity of these two transmitted spectra. Then the
light from the sensing head travels by multimode optical fiber to the decoding part
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which consists of a second identical birefringent filter BF2 and Wollaston prism
W that serves as a polarization beam splitting element Although the multimode fiber
mix up the polarization state of the transmitted light, the information about the two
orthogonal channel spectra can be recovered due to the fact that the second
birefringent filter BF2 that is at the output of fiber is the same as the first one in the
sensing part. Intensities of both orthogonal spectra that are split up by Wollaston
prism are measured by detectors, so their relative changes give information about
rotation of the polarizer in the sensing head. In general, the presented design of
spectral domain processing system is independent of the system losses [2], [5],

3.2. Several wavelength interrogation

One possible way of spectral decoding is the monitoring of several, for instance,
two, separate wavelengths using either a spectrometer or two individual detectors
and suitable narrow-band optical filters. Usually, the idea is to make one
wavelength (reference channel) independent of the modulation, while another one
(signal channel) is modulated by the measurand. The ratio of the signals at the two
separate wavelengths is then used for referencing against intensity variations.
Provided the non-modulated intensity changes are the same for both signal and
reference wavelengths, it is possible to achieve an accurate measurement of the
modulating parameter. In practice, however, the condition that non-modulated
alternations of the intensity are independent of wavelength is very difficult to
obtain [1],

Dual wavelength interrogation of low-finesse F—P interferometer is a tech-
nique that can be included among the several wavelength monitoring methods.
This technique employs passive signal processing based on phase stepping
interferometry (PSI) algorithm. A multimode laser diode is used as a light source.
Individual modes of the laser are separated in spectral domain by around 0.3 nm
[6], and in the case of using the special “hole-burning” effects even by
2—3 nm [7]. Thus, the source of light behaves like two spectrally close but
separated narrow-band sources. The light from the laser is coupled via directional
coupler into a low-finesse F—P cavity which plays the role of the sensing
interferometer. This type of sensors (i.e., Low-Finese Fiber Fabry —Perot Inter-
ferometer — LFFFPI) seems to be very promising for measurements of tempe-
rature, pressure, strain and vibrations [6]. The back reflected light is introduced
into a monochromator and detected using CCD camera. Another monochroma-
tor/CCD arrangement is used to observe a direct laser output from the second arm
of directional coupler (Fig. 6), which serves to normalize the intensity detected in
the first CCD [6] —{8], Subsequently the recorded and digitized data is processed
in PC. The idea is to recover the interferometric phase of the back reflected light
from the F—P interferometer, which thus gives information about the measurand
dependent cavity length. Measurements including four separate determination of
intensity (two for each wavelength) offer the possibility of calculating the optical
phase with the algorithms used in PSI [6], [7]. Recently, an improvement of
the presented technique has been reported. The new idea is to make measure-
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ments with an increased number of wavelengths using more adjacent modes from the
spectrum of the multimode laser diode source (experiments have been carried out
with three and four wavelength interrogation [6]).

33. Chromatic monitoring in a wider spectrum

Using this approach it is possible to acquire the whole information about the
spectrum. In general, the method relies on splitting the optical signal into the spectral
components using prism or diffraction grating. The spectrum is then focused onto an
array of photodetectors (e.g., CCD). The signal from photodetectors can be
numerically processed or displayed onto a chromaticity diagram. This method of
spectral decoding is most often used in white-light interferometric sensors applied to
surface profiling [9] —{14], precise determination of refractive indices [3], [15] or
thickness measurement [3], [16].

Fig. 6. Interrogation of low finesse Fabry —Perot interferometer using a two wavelength technique.

An example of the spectrally-resolved fiber-optic white-light interferometry
sensor used for profilometry is demonstrated in Fig. 6. Here, a broadband source is
coupled to Mirau-type interferometric microscope objective [10], [13], which
together with the surface of the sample examined creates a sensing interferometer
(the sensing interferometer can also be arranged in another way, e.g., Michelson
interferometer with the surface of a sample as one of the mirrors). The light from the
source is divided by a beam splitter into two beams, which travel along different
paths, one of them is reflected on the surface of the sample and the other is reflected
on a reference mirror, and then they interfere with each other. At the exit plane of the
microscope the white-light interferogram of the surface is collected by an optical
fiber. The detection system is a spectroscope. Its entrance slit, placed at the output of
the fiber, selects one line of the surface that is profiled (Fig. 7a). The spectroscope
separates the spectral components of the light and the CCD camera records a two-
dimensional (y, a) fringe pattern (Fig. 7b), where y is spatial coordinate along the line
of the sample which is selected by the entrance slit of the spectroscope and a is
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Fig. 7. Example of spectrally-resolved white-light interferometry sensor used as profilometry tool
(M —reference mirror, ES — entrance slit, BS — beam splitter) — a. The fringe pattern and the inten-
sity distribution for selected line of this intensity pattern — b.

the wave number. The intensity recorded at a specific point in the interferogram is
related to the path difference between two beams according to Eqg. (19). This
equation is the basis for further treatment of the recorded intensity data, which
allows the information about the path difference and hence about the profile of the
sample to be retrieved. Different procedures can be used to achieve this goal. One
way is the determination of the number of fringes in the interference pattern within
a given spectral range [16]. Another way is based on the FFT of fringes in spectral
domain [10], The next solution proposed is based on the analysis of the phase as
a function of wave number all over the interference pattern [10], [13],
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The evaluation of the phase consists of two steps. In the first step, the phase of the
signal is found from intensity measurements at each separated wave number
a through inversion of the cosine function in Eq. (19)

*(*») = (20)

These calculations allow us to obtain a linear dependence of the phase @ upon the
wave number a: (p= So +R, where S is the linear coefficient of proportionality and
I? is an irrelevant constant Since the phase is connected with the optical path
difference 5 by

({a) = 2nba (22)
it is easy to achieve from the measurements of S the value of
5=S/2n. (22)

This value together with the knowledge of the conditions that are fulfilled at the
extrema points

frmaG= N at every maximum,
Jmia5 = N+ 1/2at every minimum, (23)

serve in the second step to determine the fringe order N [10], This subsequently
makes it possible to calculate the absolute phase

<Pb (@ = 2Nn+g>(cr) (29)

and to obtain the exact value of the optical path difference.

Another example of chromatic monitoring method concers the case where the
measured spectral data are represented on two-dimensional colour CIE chromaticity
diagrams [1], [17]. A result of interference from a sensing interferometer in the form
of white-light interferogram can be detected either with use of spectroscope/CCD
arrangement [17] or by N detectors (N is an integral, in practice usually N = 2 or
N = 3) with different but overlapping spectral responses [1]. The acquired data
serves to create the two-dimensional CIE chromaticity diagram which when
analyzed gives information about the interferometric path difference [17]. This
information is based on the fact noticed by researchers from University of Maryland
(USA) that the dominant colour in the progression of colour fringes reverses the
direction with which it moves through the visible spectrum when the optical path
difference is monotonically increased. This phenomenon can be observed in the x —y
CIE chromaticity diagrams as special shapes [17],

4. Experiments

We have tested the performance of two fiber-optic sensors using spectral decoding
method. The first one was an intrinsic fiber-optic pressure sensor based on side-hole
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Fig. 8. Experimental setup: a — fiber-optic interferometric pressure sensor (SLD — superluminescent
diode, PMF — polarization maintaining fiber, SH — side-hole fiber, EC — elliptical fiber),
b — fiber-optic interferometric temperature sensor (F — single-mode fiber, G — gasket, C — glass
capillary with the glued fiber, T —aluminium tube, AF —aluminium film, M — mirror, TD —teflon
disc, GI — glue).

fiber (SH). Its construction is shown in Fig. 8a. The light from the broadband
source which was a superluminescent diode (SLD, 20 —830 nm, AA= 15 nm) was
delivered to the sensor through a polarization maintaining fiber (PMF). The sensor
itself was built up of the highly birefringent side-hole fiber which is very sensitive to
pressure. The highly birefringent elliptical core fibers (EC) served as a lead-in and
lead-out. They were spliced to sensing fiber with rotation of polarization axes equal
to 45°. Due to this fact the two fundamental modes (LPqi, LPqi) in the side-hole
fiber were equally excited. The sensor relied upon the fact that pressure alterations
caused the change of the optical fiber birefringence, which consequently influenced
the interference result between two polarization modes at the sensor output. The
diffraction grating (1800 lines per mm) allowed the output spectrum to be
registered on a CCD camera. The fringe pattern in a spectral domain collected by
the CCD camera was digitized, sent to a computer and displayed on a monitor.
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The second device tested was a temperature sensor based on F—P inter-
ferometer. The cavity of the interferometer was created inside an aluminium
tube. A small mirror placed at the end of the tube constituted the totally reflecting
surface. Another surface was a partially reflecting layer deposited directly on the end
of a single-mode fiber. When temperature was changing the cavity length altered due
to the thermal linear expansion of the aluminium tube (Fig. 8b). This effect
influenced the interference of the polychromatic light inside the cavity.

5. Results

Examples of the spectral intensity distribution registered at the outputs of the
pressure and temperature sensors are shown in Fig. 9. These Curves are ap-
proximately represented by Eqg. (19). Their frequencies depend upon the optical path
difference induced by respective sensor. As mentioned above, there are different ways
of analyzing such data. One way is to analyze the whole spectrum point by point,
which leads to determination of the phase as a function of wavelength @ = f{X). This
function is then linearly fitted and the proportionality coefficient obtained in this
way gives the information about the optical path difference. Another way is to count

Fig. 9. Spectral intensity distribution registered at the output of the pressure sensor (a) and the
temperature sensor (b). The greater number of pixel corresponds to longer wavelength.
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Fig. 10. Displacement of interference fringes induced by measured pressure (a) and temperature (b).

the number of fringes in a certain spectral range {Xi,X1) to establish the frequency of
fringes. The method used by the authors to determine the phase shift induced by
measurand consisted in counting interference fringes that moved through a given
point in the spectrum. The number of fringes that moved can be directly transferred
to the phase change or the change of optical path difference (tp —2%N and 6= XN,
where N is the number of fringes and Xis the wavelength for which the counting was
done). An example of diagram showing the number of fringes as a function of
pressure changes is depicted in Fig. 10a. A similar function for temperature sensor is
shown in Fig. 10b. As can be seen, both responses are linear in a wide range of the
measurand value. The nonlinear response of temperature sensor was observed for
temperatures higher than 50 °C. This was most probably associated with tem-
perature characteristics of epoxy glue, which was used to fix elements of the F —P
resonator.

6. Conclusions

The tests showed that when the spectral decoding scheme is applied to fiber-optic
white-light interferometric sensors, a simple and convenient way of retrieving the
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information of the optical path difference can be an ordinary fringe counting. The
achieved resolution of measurement was about 0.02 interference fringe. It can be
further improved by applying a proper software to support the counting process.

The spectral decoding method tested in this work occurred to be a universal
method that can be applied to complex measuring systems composed of fiber optic
interferometric sensors of different type.
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