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A B S T R A C T

In this work, we present a simple photonic instrument that has the ability of measuring positions, distances and
vibrations with very high resolution by means of two Fizeau interferometers (FI), both using the same optical
fiber end as a probe tip itself. On the one hand we have a time domain FI powered with a 1310 nm laser and
monitored by an InGaAs detector providing displacement information with resolution around a tenth of nm but
regardless of the absolute position of object and of the displacement sense. On the other, a spectral domain FI
version based on a super luminescent source (SLED) centred at 800 nm with bandwidth of nearly 40 nm is
analysed in real time by means of a digital spectrometer. Each spectrum is acquired in a very small time interval
and provides information of both length of the cavity as well as its correct sense of evolution. Resolution of this
system is lower than its complementary temporal case, but distance and sense measurements are absolute and
can be determined successfully by adequate processing of spectral signal.Both interferometers are optically
coupled to a single fiber optic probe and are wavelength modulated.Therefore, combination of both sensors
results in a new one which allows the correct knowledge of an object or surfaces under test, i.e. a high resolution
of displacement data plus its absolute position and true sense of movement.

1. Introduction

Fiber optic sensors are always attractive due to unique features
related to their security, light weight, non-invasive characteristic and in
particular, their sensitivity [1,2]. Conventional mechanical sensors
have the disadvantage of being invasive and could lead to damage in
the analysed surface. With the advances in optical communications,
fiber optic sensors continuously become more accessible, and on top of
being used in common applications they are even used in special cases
where conventional techniques cannot offer solutions [3]. Therefore,
contact free sensors with high resolution and speed are highly
demanded for industrial applications. A few years ago we centred our
attention on a modified extrinsic Fabry-Perot interferometer called
Fizeau sensor, embedded in optical fiber. This kind of sensors have the
ability to be wavelength or cavity-length modulated to obtain several
measurements at the same time [4,5]. Additionally in the same sensing
system, other sensing techniques like fiber Bragg grating or Mach–
Zehnder interferometer can be combined [6,7]. There are two different
approaches keeping the same sensing topology depending on how to
analyse and obtain measurements: time domain interferometer (TDI)

and its complementary version, the spectral domain interferometer
(SDI). The TDI technique employs a laser as a source and its readings
are measured by means of simple optical detector as a voltage signal
and has an excellent resolution sensing variations in the cavity length
(around a decimate of the laser wavelength). However, there is an
ambiguity on the direction (i.e. it is not possible to determine whether
the object under study is moving closer or further away, unless the
process under study would be previously known). Nonetheless it is
commonly used in applications where only cavity length variation
measurements are needed and the movement direction is defined [8].
Very quick changes of direction could also be difficult to determine.
Recently, some techniques using optical path modulation have been
proposed to solve this issue but this requires moving parts with its
consequent robustness degradation [9,10].

Intensity of light detected at the exit of this interferometer is:
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target surface reflectivities, respectively and d the cavity length. The β
value is dependent on the cavity air-gap (d) and is obtained from the
expression of the axial loss for single mode fibers with A λ V R= ⋅ ln( )/ 2,
where λ is the wavelength of the monitoring beam and V is the effective
frequency of the fiber. It also corresponds to the optical coupling
efficiency of the first reflective beam from R2 back into the fiber [8].

The optical path difference in the cavity is given by πΔφ = +πn d
λ

4 0 ,
(with n0=1 due to the air gap refractive index). As the cavity changes,
the interferogram shows consecutive maxima and minima that occur
repetitively as Δφ varies in 2π, so the separation between two intensity
maxima corresponding to two consecutive interference fringes occurs at

d λΔ = /2[11]. More detailed explanation of TDI demodulation can be
found in Ref. [8].

It is important to point out that despite knowing the true direction
of movement of a certain measurement, if the target velocity drops to
zero for a period of time and then continues moving, a new ambiguity
will be present. Fig. 1 shows a simulation of a case in which a unique
interferogram could represent two different cavity length evolutions.

The SDI version requires a broadband source like SLED and its
useful information must be read with a spectrometer. The main
advantage of SDI measurements is their direction sensitivity and
absolute cavity length determination. The use of a spectrometer make
this sensor more expensive than the TDI but it could be replaced by a
tilted Michelson interferometer and a CCD with other signal processing
[12].

The value of I0 from Eq. (1) is the resulting laser power intensity in
the detector. When a broadband optic source is used then a similar
analysis can be made for each wavelength resulting in Eq. (2).

G λ G λ
R R β

R βR R
cos πn d

λ
( ) = ( ) × 1 +

2
+ (1− )

× ( 4 )0
1 2

1 2 1
2

0
⎡
⎣
⎢⎢

⎤
⎦
⎥⎥ (2)

As λ f= c/ then Eq. (1) can be rewritten in terms of the spectral
density as:
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The separation between two maxima of πn dfcos(4 /c)0 corresponding
to two consecutive interference fringes occurs at fΔ = c/2n d0 . Then the
cavity length is obtained from each spectrum as described in Eq. (4).
Two spectra obtained from measuring two different cavities are shown
in Fig. 2

d c
Δf

=
2n

.
0 (4)

Several methods of signal processing have been developed to obtain
the cavity length from a spectrum using Eq. (4) [13,14]. A comparison
between the use of the Fourier Transform method and the iterative
phase-locked loop method is in Ref. [15]. Recently a technique using
Fuzzy Inference Systems was developed [16].

We propose a combination of TDI and SDI sensors briefly explained
above to build a Dual Fizeau Interferometer (DFI) sensor with a simple
but powerful technique for those hard cases in which conventional
solutions are not worthwhile due to its cost or to not been fully
developed yet. The set of possible applications and measurements is
large and diverse. Here, we remark profilometry, thermal expansion/
contraction and those processes which affect the material behaviour
while curing such as polymer shrinkage. Finally, a self-calibrated, high-
resolution cavity sensor with absolute length detection is obtained.

2. Materials and methods

Both TDI & SDI approaches provide information from a resonant
cavity formed between the end of an optical fiber and some measure-
ment surface. Being both integrated into a single tip, two readings can
be simultaneously obtained from the same physical cavity. The TDI
determines high precision variation in length of the cavity, while SDI
gets the absolute cavity length. From SDI we obtain cavity length
increasing-decreasing time intervals as well as length discontinuity
amplitudes if they eventually appear.

In this work, measurements were made with a piezoelectric actuator
to change the cavity length with the purpose of easily control its
movement on a range of dozens of microns.

Exploiting the high resolution of TDI and the unambiguity of the SDI
we propose a new measurement scheme based on a dual configuration
that is shown in Fig. 3.

It can be seen that both time and spectral domain approach
measurements can be carried out simultaneously at the same probe
point. Laser and SLED lights are carried to the sensor probe tip.
Reflected light is coupled back to the sensor forming the interference
signals where both can be registered with proper detectors.

Temporal method information is used for its resolution which can be
lesser than one tenth of the laser wavelength. But the spectral
information is used to solve the problems of ambiguity, detection of
changes in direction and absolute value of the length (though the latter
with lower resolution) when required. Light from both sources is
wavelength modulated because the 1310 nm laser is out of the digital
spectrometer bandwidth and the InGaAs optic power detector is
insensitive at the SLED spectral range (780–820 nm).

2.1. Measurement procedure

After gathering data from a certain experiment, i.e. a collection of
SDI spectra and TDI interferogram signal, we proceed to firstly
determine the cavity length from the separation between peaks of the
spectral density plot. Every spectrum provides a value that is associated
with the instant time when it is taken. As a consequence, a cavity length
vs. time curve is generated which allows detection of direction changes,
increasing-decreasing intervals as well as the initial absolute cavity
length (i.e. the actual distance between object and sensor tip). Then, the
TDI interferogram signal is demodulated in order to resolve a high
resolution plot of the target surface position with the information
previously obtained by the SDI.

Finally, we complement both curves to develop a high resolution
curve with true sense evolution of the phenomena under test as well as
the absolute distance from the tip sensor probe.

To show the performance of the technique a piezoelectric is excited
with known electrical signals to discuss the measurements.

Fig. 1. Simulation showing the main consequences of ambiguity, two different simulated
cavity length evolutions (black and red lines) generating the same interferogram (green
line). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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3. Results and discussion

A piezoelectric (6F-607 from Thorlabs) is excited with a sinusoidal
signal of 100 mHz frequency by a Thorlabs MDT694 Single Channel
Piezo Driver and Hewlet Packard 33120A Signal Generator.
Measurements were made simultaneously at the same probe point with
the configuration setup shown in Fig. 3. In this case, we registered 160
spectrums obtained from SDI and 16,000 samples from TDI in 16 s.

Fig. 4 shows the signal delivered from the time domain side of the
dual sensor, while a spectrum obtained by the spectral side is shown in
Fig. 5.

Firstly, the cavity length for each spectrum is calculated by Eq. (4).
There are several techniques to process this kind of spectra [13–15,17].
A Fourier transform based technique is used in order to reach the

fundamental frequency of πn d fcos(4 ⋅ /c)0 in Eq. (3). The resolution of
this technique is inversely dependent on the bandwidth of the SLED
[18], where in this case the resulting resolution is 7.995 µm.

This process is repeated for each spectrum, obtaining a curve of
cavity length vs. time which is shown in Fig. 6. From this stage, we
obtain true sense of variation of the cavity length and its absolute
distance. This is a unique characteristic of spectral interferometer
measurements.

Knowing sense and absolute position of the phenomena, the next
stage was processing TDI interferogram to develop an intensity-time
curve with high spatial resolution but using the information of waxing
and waning time intervals and absolute cavity length.

Fig. 7 shows a dual Fizeau curve, one can note that it is not as noisy
as the SDI one because resolution of the former is higher than the latter.
With this simple procedure, the Dual Fizeau technique measures with

Fig. 2. Typical spectral density [counts] vs. frequency for a two cavity length separation of about 55.6 and 196.4 µm, respectively.

Fig. 3. Dual Fizeau Interferometer scheme.

Fig. 4. Interferogram obtained by the TDI.
Fig. 5. One of the spectra obtained by the SDI.
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high spatial resolution (TDI) within true sense direction and absolute
position (SDI). All steps explained here were programmed in order to
generate an automatized measurement.

In order to complement this work, we applied our technique for a
case which is more complicated to process with the TDI. This appears
when the object under monitoring suddenly changes its sense main-
taining its velocity. This behaviour generally remains undetected to TDI

sensor, especially if this change in sense occurs at maxima/minima
interferogram points. However, this case is easily reproducible with the
same piezoelectric driven with a triangular voltage signal.

As it can be seen in Fig. 8, the TDI interferogram results from a
situation in which the target moves along or back from the sensor probe
indefinitely. Three parts of the interferogram are zoomed-in to get an

Fig. 6. Cavity length vs. time for SDI.

Fig. 7. Cavity length vs. time of a double Fizeau interferometer.

Fig. 8. Interferogram of a cavity varied triangularly and three zoomed-in zones of interest.

Fig. 9. Cavity length as a function of time, for a triangular wave case measured with the
TDI.

Fig. 10. Cavity length vs. time of a double Fizeau interferometer.
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idea of the demodulation problem. In particular, the direction change
around 16.2 s may be treated as an artefact, while belongs indeed, to a
change of direction sense.

After processing the 802 spectra of the SDI, the cavity length vs.
time is obtained and shown in Fig. 9.

The cavity changes its sense of movement rapidly in 6.19 s, 16.19 s
and 26.19 s. In addition, from SDI readings, we can state undoubtedly
that measurement starts when the cavity length increases from a
distance of 204.6 µm. All this information is not clear from a single
TDI sensor. But again, if we combine the TDI with the SDI, it is possible
to develop a non-contact, high resolution cavity length sensor, with true
sense of direction for quasi-static measurements.

Finally, the cavity length vs. time curve of the DFI can be seen in
Fig. 10.

4. Conclusions

We obtained a measurement system with two coupled interferom-
eters in one fiber end point. This system combines the high resolution of
a time domain interferometer and the absolute measurement without
ambiguity of the spectral domain one. The resolution of TDI depends on
the laser wavelength. In the case of SDI, it depends on the resolution of
the employed spectrum analyser (usually 0.05–1 nm) and the SLED
wideband. In the second case, higher resolution involves a higher cost
of the system.

Two measurements were made exactly at the same end fiber point
and the samples were obtained from the same acquisition system. This
is the reason why both measurements were made absolutely at the same
point and temporally correlated. This sensor resolves the time domain
interferometer ambiguity problem in which the path sense is unknown;
also for the case when the cavity length stops moving for a period of
time where it is impossible to determine if the sense of movement has
changed or not.

In particular, this is useful in processes where the target changes the
movement direction getting closer or further away. An example of this
can be the shrinkage photo-polymerization measurements in which the
intrinsic exothermic reaction releases heat that can expand the sample
under test at the beginning of the experiment [19].
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