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Abstract. We used an interferometric technique based on typical optical coherence tomography (OCT)
schemes for measuring distances of industrial interest. The system employed as a light source a tunable
erbium-doped fiber laser of ∼20-pm bandwidth with a tuning range between 1520 and 1570 nm. It has a suffi-
ciently long coherence length to enable long depth range imaging. A set of fiber Bragg gratings was used as a
self-calibration method, which has the advantage of being a passive system that requires no additional electronic
devices. The proposed configuration and the coherence length of the laser enlarge the range of maximum
distances that can be measured with the common OCT configuration, maintaining a good axial resolution.
A measuring range slightly >17 cm was determined. The system performance was evaluated by studying
the repeatability and axial resolution of the results when the same optical path difference was measured.
Additionally, the thickness of a semitransparent medium was also measured. © 2016 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.55.1.014105]
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1 Introduction
The current trend in the development of low-coherence inter-
ferometry or more widely known as optical coherence
tomography (OCT)1 shows significant growth in applications
to the area of medicine, especially ophthalmology2–4 and car-
diology,5,6 where commercial equipment has already been
developed. On the other hand, the number of industrial
and material applications of OCT has a slower growth that
has been increasing in the last years. Currently most works
are related to studies of surfaces, determination of refractive
index, and studies of multilayer films where the depth
measurement does not exceed 1 cm.1 In our view, one of
the industrial applications which has so far shown few results
is in measuring distances longer than a centimeter. The use of
OCT in this regime requires some versatility in the exper-
imental setup. Three established techniques have the poten-
tial to meet this requirement: optical coherence tomography
in the time domain-OCT (TD-OCT), spectral or Fourier
domain-OCT (FD-OCT), and swept source-OCT (SS-OCT),
each one with its particular limitations.

When using TD-OCT, the interference signal is generated
from the displacement of a mirror in the reference arm of the
interferometer1–4 to equalize the sample distances. This
involves the use of moving mechanical systems with high
accuracy and resolution. Furthermore, for measuring longer
distances, it should have an appropriate reference arm length,
generating greater complexity in the system alignment, and
in the demands of the positioning control system. Also this

requirement is a strong limitation for the scanning frequency
on the sample.

Moreover, FD-OCT allows the design of an interferomet-
ric system more robust than that of TD-OCT by not requiring
the movement of the reference mirror,6,7 thereby increasing
the mechanical stability and reducing the sensitivity to vibra-
tions. Here, a spectrometer is used to detect the interference
signal, resulting in a smaller measuring range limited by the
spectral resolution of the spectrometer. This constraint adds
a second one, due to the presence of aliasing in the Fourier
transform of the interference signal, which can cause a mis-
interpretation of measurements. For these reasons, the maxi-
mum imaging depth is typically <1 cm.

The SS-OCT technique offers an interesting alternative
provided by the use of tunable light sources8–13 such as opti-
cal fiber lasers with tunable Fabry–Perot (FP) filter or
electro-optical modulators9, or recent systems based on semi-
conductor lasers like the MEMS-tunable vertical cavity sur-
face emitting lasers,11 and the Vernier-tuned distributed
Bragg reflector laser.12 In general, in these systems, it is pos-
sible to achieve a laser linewidth narrower than the resolu-
tions typically obtained by a spectrometer. Consequently, the
depth range, in this case given by the instantaneous linewidth
of the laser (coherence length), can reach values in the order
of a centimeter and greatly expand the potential industrial
applications.14–18 In this case, the detection system is a
photodetector in conjunction with a digitizer or oscilloscope,
simplifying the system.

Obviously, besides the narrow bandwidth emission, it is
desirable that the optical source has a fast tuning over a large

*Address all correspondence to: Eneas N. Morel, E-mail: nmorel@frd.urn.edu
.ar 0091-3286/2016/$25.00 © 2016 SPIE

Optical Engineering 014105-1 January 2016 • Vol. 55(1)

Optical Engineering 55(1), 014105 (January 2016)

Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 02/02/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx

http://dx.doi.org/10.1117/1.OE.55.1.014105
http://dx.doi.org/10.1117/1.OE.55.1.014105
http://dx.doi.org/10.1117/1.OE.55.1.014105
http://dx.doi.org/10.1117/1.OE.55.1.014105
http://dx.doi.org/10.1117/1.OE.55.1.014105
http://dx.doi.org/10.1117/1.OE.55.1.014105
mailto:nmorel@frd.urn.edu.ar
mailto:nmorel@frd.urn.edu.ar
mailto:nmorel@frd.urn.edu.ar
mailto:nmorel@frd.urn.edu.ar


wavelength range. How quickly this is possible is determined
by the sweep speed of the optical filtering device which
selects the laser’s operating wavelength and the dynamical
processes inside the laser cavity.

In general, scanning sources have the inherent problem of
not being able to provide accurate information about the cor-
respondence between the wavelength, the signal voltage
applied to the tuning device, and the temporary location
within each sweep.19

Some current works,20,21 use a Mach–Zehnder interferom-
eter with a balanced detector for detecting the spatial fre-
quency, which is a relatively complex and dynamic system.

In this work, we propose a system based on SS-OCT for
measuring large distances (capable of axial scanning up to
18 cm). A tunable fiber laser with emission in the spectral
region near 1550 nm is used as light source and it has a suf-
ficiently long coherence length to enable long depth range
imaging. The design also includes a self-calibration arrange-
ment implemented with a set of fiber Bragg gratings (FBGs)
22,23 used to pickoff specific wave numbers. In this way, it is
possible to obtain a relationship between the spatial fre-
quency (k) and the time (t), overcoming the aforementioned
drawback. In addition, it has the advantage of being a passive
system, which does not require additional electronic devices.

In the past, FBGs have been used to carry out the calibra-
tion procedure of the spectrometer used in an SD-OCT sys-
tem.24 In our case, the array of FBGs constitutes the stage of
on-line calibration of an SS-OCT-based system.

2 System Overview
The measurement system comprises the stages shown
in Fig. 1.

2.1 Light Source

An all-fiber tunable erbium ring laser operating in the range
of 1520 to 1570 nm is used as the light source.24–29 The ring
configuration employs a fiber FP tunable filter (Micron
Optics, FFP-TF2) with a free spectral range (FSR) of
60 nm and a bandwidth of 60 pm. The erbium-doped
fiber is pumped through a wavelength division multiplexer,
by a semiconductor laser diode emitting at 980 nm with
maximum optical power of 145 mW. The fiber laser output
beam is extracted from the ring cavity through the 10% port
of a 10∕90 optical coupler. The length of the doped fiber is
selected taking into account a trade-off between spectral
emission flatness and output power.

Applying a periodical signal like a triangular voltage
waveform to the filter PZT actuator, the resonance wave-
length of the FP cavity is adjusted and a laser sweep source
is obtained. In our experimental setup, this was accom-
plished by using a fiber Fabry–Perot controller (FFP-C)
from Micron Optics. The scanning frequency can be varied
up to 100 Hz.

Figure 2 shows a laser scan captured with an optical
spectrum analyzer (OSA) (Yokogawa, model AQ6370B)
synchronized to the FP filter sweep. As it can be seen,

the laser has a power emission fairly constant within the tun-
ing range.

Considering the rectangular spectral profile of the laser
source when it sweeps a bandwidth of 60 nm, it is possible
to achieve a theoretical maximum axial resolution of
about 40 μm.

However, depending on the requirements it is possible to
modify the spectral width of scanning by varying the control
signal of the FP filter, which obviously worsens the axial
resolution.

When the laser operates at any fixed wavelength within
the tuning range, the emission spectrum has a typical
width of 20 pm at 3 dB.

2.2 Interferometric System

The interferometric system consists of a Michelson interfer-
ometer and a nonmonochromatic light source with spectrum
intensity

EQ-TARGET;temp:intralink-;e001;326;340Ir∕sðkÞ ¼ Io r∕s · S

�
k − k0
Δk

�
; (1)

where SðkÞ represents the spectral shape of the light source,
Ir and Is are the reference and sample arm intensities, k and
k0 ¼ 2π∕λ0 are the wave number and the central wave num-
ber of the source spectrum and Δk is its spectral width. By
defining β2 ¼ Is∕Ir as the visibility or modulation depth, the
total intensity can be expressed as

EQ-TARGET;temp:intralink-;e002;326;230IðkÞrS
�
k − k0
Δk

�
½1þ β2 þ 2β cosðngΔzkÞ�; (2)

where ngΔz is the optical path difference (OPD), with ng the
group refraction index of the medium and Δz is the distance
between both interferometer arms.1,18–20

The depth of measurement ΔzMAX is determined by
Eq. (3), where δλ is the resolution of the detection sys-
tem18–20

EQ-TARGET;temp:intralink-;e003;326;119ΔzMAX ¼ λ20
4ngδλ

; δλ ¼
Δλ
Ns

: (3)
Fig. 1 Block diagram of the implemented system.

Fig. 2 Spectral response of the laser swept source.
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In these expressions, Δλ is the spectral width of the light
source and Ns is the number of samples.

2.3 Self-Calibration System

In applications of low-coherence interferometry by swept
source, it is critical the linear sampling process of the spatial
frequency (k-space). In the system used in this work, the
laser-tuning process was performed by controlling the cavity
of the FP filter. This process could be affected by various
factors such as the hysteresis of the piezoelectric actuator
(PZT) and errors in the control of repetition of the cycle
of sweeping. This may lead to changes in the position of
the PZT in each cycle and makes unknown the variation
of kwith time [kðtÞ]. Therefore, a suitable calibration method
has to be used to compensate the errors.

The proposed self-calibration system consists of an array
of FBGs centered at different wavelengths covering the spec-
trum emission of the optical source. Since the spectral loca-
tions of the filters are known, from the measurement of
their temporal positions, it is possible to calibrate the OCT
measurement system, resizing the time axis for each scan of
the swept source.

The calibration process has a dual purpose:

a. To produce the linearization of the spectral interfer-
ence signal in k-space by using the relationship
between the measured time for each filter (tFBGi)
and the corresponding wave number (kFBGi). This
process allows obtaining an equally spaced scale in
the k-space and eliminates variations in instantaneous
frequency due to the dynamics of the PZT used to
tune the light source.

b. To obtain the sampling frequency used in the calcu-
lation of the Fourier transform

EQ-TARGET;temp:intralink-;e004;63;373fs ¼
1

ðkn−1 − knÞ
: (4)

As it is well-known, FBGs are sensitive to thermal
changes, so variations in the room temperature induce
changes in their spectral positions. However, since all
gratings that are part of the calibration system are
recorded on the same type of optical fiber and all
of them experience the same temperature change,
this will not generate measurement errors in the pro-
posed OCT scheme. This is because for measuring
the displacement, only the value of the sampling fre-
quency is needed. In that case, it is only relevant that
the Δk value between gratings should be kept con-
stant, even though their individual positions (ki)
could change. The change in the absolute spectral
positions of the Bragg gratings due to thermal varia-
tions only generates a shift in the k-space and
does not affect the determination of the sampling
frequency.

Figure 3 shows the behavior of the fiber gratings used in
the calibration system when a change of 5.3°C in the room
temperature occurs. It is observed that all the gratings expe-
rience the same spectral shift of about 50 pm, compatible
with the temperature sensitivity of such a component
(∼9.4 pm∕°C).

The number of fiber gratings to use is a trade-off between
getting the best calibration curve to minimize the adjustment
errors, and generate as little impairment as possible in the
detected signal due to insertion losses and noise caused
by back-reflections. The aim is to use a set of FBGs as a
kind of “marks” that relate the spatial frequency and the
time, but they need not be equally spaced.

2.4 Detection and Processing

The temporal distribution of the interference signals was
obtained by using the internal photodetector of the fiber
FP controller, which was connected to a digital oscilloscope.
The acquired signals were subsequently processed as fol-
lows. At first, a high-pass filter was used to remove the
DC component of the interference signal. By employing
the Hilbert transform,30,31 the envelope used for normaliza-
tion was obtained. The chirp Fourier transform32,33 was then
applied allowing selecting a given bandwidth. In this way,
the position of the interference peaks indicating the OPD
between the interferometer arms was obtained.

3 System Characterization
The system was evaluated by studying the repeatability in the
measurement of the same OPD. For this purpose, the exper-
imental configuration of Fig. 4 was used.

In this case, the self-calibration system was composed of
six Bragg gratings, centered on the following wavelengths:
1548.991 nm (FBG1), 1547.1285 nm (FBG2), 1544.056 nm
(FBG3), 1539.819 nm (FBG4), 1539.305 nm (FBG5), and
1529.744 nm (FBG6), with a spectral width of the order
of 0.1 nm.

In order to evaluate the repeatability of the results
obtained, the laser source was continuously scanned and sev-
eral records of the intensity detected in the same conditions
were carried out.

To show the spectral position of the gratings, one arm of
the interferometer was blocked to remove the interference
modulation.

Signals corresponding to two of these measurements are
shown in Fig. 5, where it is observed the attenuation peaks in
the Bragg wavelengths of the different gratings as a function
of time. The error in the determination of the temporal

Fig. 3 Spectral shift of the FBGs due to a change in temperature of
5.3°C.
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position of each FBG is directly related with the shape and
width of the peak profile, which in terms of time was in the
order of 90 μs, when a sampling interval of 0.1 μs was used.

Then, for each measurement performed, the temporal
positions were associated to the k value of each grating
and a kðtÞ relation was obtained after a fitting process, as
explained in Sec. 2.3. In the example shown in Fig. 5, the
best fit obtained is a linear curve.

The final calibration curve was obtained from an average
of measurements identical to those of Fig. 5. In this case, a
linear relation was obtained with an average slope value of
764.1 × 103 ms−1 and a dispersion of 1.3 × 103 ms−1

whereby a 0.17% percentage error arose, with the correlation
factor between data and the interpolated curve of 0.99. In
Fig. 6, it can be seen the different experimental points
and the fit curve obtained using the average slope. The sam-
pling frequency was determined from the slope of the fitted
curves and results in these measurements fs ¼ 6543 m with
a dispersion of 11.45 mm.

Thereafter, reflection from the interferometer arms was
allowed and several measurements of the same OPD were

made for the purpose of valuing the errors. A typical
recorded signal is shown in Fig. 7.

Furthermore, in order to test different operating condi-
tions of the system, a laser scanning of only 40 nm was
used, which was selected to include the spectral region
where the FBGs were located. Using the processing
described above, the interference peak position for each sig-
nal was calculated, and then the mean value and standard

1

3Swept
laser source 

ISO

2

FC  50/50

PS

CC

Reference arm

Sample arm

PS

M

M

FBG1  FBG3 FBG5

FBG2  FBG4 FBG6

Fig. 4 Experimental scheme for system characterization (ISO, optical isolator; FC, fiber coupler; C, col-
limator; M, mirror; PS, positioning system; and FBG, fiber Bragg grating).

Fig. 5 (a) Signal detected and (b) Signal detected in different
moments, avoiding reflections in the interferometer arms.

Fig. 6 Fitted curve k versus time.

Fig. 7 Interference signal showing the positions of the FBGs for self-
calibration.
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deviation were obtained. In tests performed, 20 measure-
ments of the same OPD were processed, although Fig. 8
only shows some of them for reasons of clarity. On average,
the peak position was 1.556 mm with a deviation of 8 μm,
corresponding to a percentage error in the measurement of
0.54%.

It is commonly accepted that the axial resolution in the
OPD measurement is given by the FWHM of the peak of
the Fourier transform of the interference signal. In this
case, since we worked with a tuning range lower than the
maximum possible using the bandwidth between FBG1

and FBG6 (around to 20 nm), the axial resolution worsened
to ∼80 μm. However, in our experiments, the statistical
dispersion generally obtained in the measurement of the
same distance was in the order of 10 μm.

4 Experimental Results
In order to test the proposed system, initially the configura-
tion described below was used to measure the thickness of
a semitransparent medium. Subsequently, a Michelson type
setup was implemented to determine the maximum achiev-
able measurement range.

4.1 Thickness Measurement of Semitransparent
Media

In the first experiment, the system was tested measuring the
thickness of a BK-7 glass plate of 1� 0.1 mm thick (WBK-
251-1 model, UQG-Optics) using the setup shown in Fig. 9.

The sample (Sa) was illuminated by using a collimator
implemented with a Grin lens, and the interference signal
produced by reflection on both sides of the plate was directed
through the Bragg gratings25–27 and, after that, toward the
detection system. As stated above (Sec. 3, Fig. 6), the cal-
ibration curve of the implemented system is linear, then
only two FBGs were used to determine the sampling rate.

FBGs used were centered at 1526.28 nm (FBG1) and
1539.31 nm (FBG2), with 3 dB spectral widths of 0.20
and 0.12 nm, and reflectivities of 52.3% and 99.6%, respec-
tively. They were characterized by using an optical sensor
interrogation module (Micron Optics, model sm125) and
an OSA.

The input signal to the FP filter was configured with a
voltage of 20 Vpp and 20 ms period, as shown in Fig. 10
(a). The interference signal is shown in Fig. 10(b). The tem-
porary location of the Bragg gratings can also be observed.
This temporal distribution was obtained employing a
Teledyne LeCroy WaveRunner 610Zi digital oscilloscope
and the internal photodetector of the FFP-C.

By performing the Fourier transform of the interference
signal and employing the calibration process described
before, the thickness value measured was 1.14 mm (Fig. 11).
In this case, we used a tuning range of 60 nm; the axial
resolution was ∼40 μm.

In order to verify this measurement, we employed an
OSA (Yokogawa, model AQ6370B) with 0.02-nm resolu-
tion. As the OSA has a large acquisition time compared
to the minimum frequency of the laser scanning, we used
as an alternative broadband source the amplified spontane-
ous emission (ASE) of an erbium-doped fiber amplifier.

The recorded signal obtained with the OSA is shown in
Fig. 12, where it can be distinguished the attenuation peaks
generated by the Bragg filters (at 1526.28 and 1539.31 nm),
and the laser emission at an arbitrary wavelength within the
tuning range, over the ASE spectral distribution.

In this case the peak of the Fourier transform is at
1.13 mm, as shown in Fig. 13, being practically coincident
with the temporal measurement corresponding to Fig. 10.

Comparing this result with that obtained by the proposed
system, we see that the difference is 0.7%, compatible with
the value mentioned in Sec. 3.

4.2 Measurement of Large Distances

To apply the proposed system to measure distances over
1 cm, a Michelson interferometer similar to that shown in
Fig. 4 was mounted. The illumination beam was divided

Fig. 8 Fourier transform of the interference signal.

Swept
laser source 

FBG1 FBG2

1

3

2

C

ISO

PS
Sa

Fig. 9 Experimental configuration for thickness measurements.
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by a 2 × 1, 50∕50 single mode fiber coupler and the outputs
were collimated to impinge on the sample (mirror M1) and
on the reference (mirror M2).

With the aim of searching the limit in measuring depth of
the system, a device was designed where it was possible to
place the sample mirror in preset positions separated 5 cm,
while the reference was mounted on a translation stage with a
micrometer drive of 5-cm travel. By combining the displace-
ments of both mirrors, a continuous variation of the distance
to be measured was obtained.

The interference signals were processed by using the
Hilbert–Fourier transform and the corresponding results
are plotted in Fig. 14. A wide range of OPD values was
covered, reaching up to 17.24 cm.

Mainly due to the divergence of the collimator and the
coherence length of the light source, the amplitude of the
interference peaks was attenuated as the OPD was increased.
This drop in the visibility of the processed signal can be seen
in Fig. 14. The lower the scanning speed, the higher the
coherence length, which decreased the effect of attenuation.
For the implemented system, the depth of measurement or
maximum achievable measurement range was limited to
about 17 cm.

5 Conclusions
This paper has presented and experimentally demonstrated a
coherent optical tomography system that offers the possibil-
ity of measuring distances up to 17 cm using a tunable light
source in the spectral region of 1550 nm, which uses an FP
filter driven by a piezoelectric actuator. This scheme is com-
plemented by a passive self-calibration system consisting of
an array of FBGs, which can be used superimposed on the
signal to be measured or in a separate channel. With this sys-
tem, it is possible to monitor the spectral position of the light
source in each scan and correct errors due to nonlinearity of
the piezoelectric actuator or the repetition cycle control.
From the results obtained by characterizing the system, it
has been observed that if the gratings suffer thermal varia-
tions, it is imperative that all of them experience the same
temperature change, because in this way they will move
equally in wavelength without affecting the calibration
scheme. In this way, temperature changes have no influence
on the system.

It should be noted that the objective of the work per-
formed was to obtain the greatest possible measurement
range rather than optimizing the axial resolution, which

Fig. 10 (a) PZT excitation signal and (b) interference signal.

Fig. 11 Interference peak.

Fig. 12 ASE spectrum showing the attenuation peaks generated by
the Bragg filters.

Fig. 13 Fourier transform indicating the thickness.

Fig. 14 Normalized amplitude of the Fourier peaks corresponding to
different OPDs.
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depends on the spectral shape and scan width of the light
source used.

We believe that with schemes similar to the proposed
ones, progress can be made in little explored applications
of reflectometry, such as in the determination of dimensional
parameters of mechanical parts, and tomography for the
study of transparent and semitransparent materials (glass,
plastics, polymers, etc.) of large dimensions.
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