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Since the introduction of dynamic optical fiber sensor interrogation systems on the market it has become possible to perform
vibration measurements at frequencies up to a few kHz. Nevertheless, the use of these sensors in vibration analysis has not
become a standard practice yet. This is mainly caused by the fact that interrogators are stand-alone systems which focus on strain
measurements while other types of signals are also required for vibration analysis (e.g., force signals). In this paper, we present a
fiber Bragg grating (FBG) interrogation system that enables accurate strain measurement simultaneously with other signals (e.g.,
excitation forces). The system is based on a Vertical Cavity Surface Emitting Laser (VCSEL) and can easily be assembled with
relatively low-cost off-the-shelf components. Dynamic measurements up to a few tens of kHz with a dynamic precision of around
3 nanostrain per square-root Hz can be performed. We evaluate the proposed system on two measurement examples: a steel beam
with FBG sensors glued on top and a composite test specimen with a fiber sensor integrated within the material. We show that in
the latter case the results of the interrogation system are superior in quality compared to a state-of-the-art commercially available
interrogation system.

1. Introduction
A fiber Bragg grating (FBG) consists of a periodic refractive
index change over a certain length of an optical fiber. When
a broadband light source is coupled into the fiber, light at
a narrow wavelength band is reflected by the grating. This
wavelength is depending, amongst others, on the pitch of the
grating. When a dynamic strain is applied to the grating a
shift in the reflected wavelength can be observed (the strain
sensitivity of typical FBG sensors is 1.2 pm/𝜇𝜖). Several interrogation mechanisms exist to read out the reflected so-called
Bragg wavelength peak [1–3]. Most commercially available
fiber Bragg grating interrogation systems use a broadband
light source in combination with a full-spectrum measurement of the reflected and/or transmitted light spectrum (this
full-spectrum measurement is in particular necessary in the
case of multiplexed sensors). The rate of the readout is limited
by the scan speed of the spectral measurement technique.
Recently, MEMS based tunable filter technologies have been

proposed to measure the reflected spectrum with a sample
rate up to 100 kHz [4]. While this method has a large potential
in the framework of vibration analysis, the used components
are not yet commercially available.
A second class of techniques uses a tunable laser instead
of a tunable detector. External cavity semiconductor tunable
lasers that can be used for this purpose are however of very
high cost. Vertical Cavity Surface Emitting Lasers (VCSELs)
are an attractive alternative that can be used to realize a low
cost tunable laser. The working principle of these VCSELs
is simple: they produce a narrowband laser of which the
wavelength can be tuned by changing the driving current [5].
Recent work has shown that these VCSELs can be used to
successfully realize an accurate FBG interrogator system [6].
Because of the low power requirement and the compact size
of a VCSEL, miniature VCSEL based interrogators can even
be manufactured [7]. In [8, 9] the authors showed that by
using VCSELs dynamic measurements with a dynamic range
of 30 dB can be performed.
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Figure 1: Layout of the proposed VCSEL based FBG interrogation system. The experiment is fully controlled by the multipurpose data
acquisition system.

In this paper we propose a VCSEL based measurement
system that can be used for vibration analysis. More specifically, it will be shown that the proposed system has the
following specifications:
(i) The system allows the user to perform optical fiber
based strain measurements simultaneously with other
measurement quantities (accelerometers, forces, etc.).
This is essential when performing vibration analysis,
as, for instance, an experimental modal analysis [10].
(ii) All components in the system can be purchased offthe-shelve and the construction of the setup does not
require advanced expertise in electronics or optics.
(iii) The system results in fairly high resolution full-spectrum measurements at sample rates of a few tens of
kHz.
(iv) The dynamic precision is around 3 n𝜖 per square
root Hz, which is comparable with other commercial
interrogators.
(v) The interrogator is robust with respect to distortions
in the optical spectrum (which are typically caused
when integrating a FBG sensor in a composite material).
In Section 2 the system is described in detail. In Section 3 we
illustrate the performance of the system on two test cases:
(i) A vibration measurement of a steel beam with an optical fiber glued on top.
(ii) A vibration measurement of a composite T-joint specimen with an integrated optical fiber.
Currently, there are many FBG peak wavelength interrogators
on the market which operate on a different measurement
strategy or peak detection scheme. In this paper we will
compare the measurement results of the proposed tests
system to the results of a commercially available interrogator:
the FBG-scan 700 interrogator from the company FBGS. We
will illustrate that the developed VCSEL based interrogator
gives equal measurement results compared to the FBG-scan

700 for the first test case. For the second test case, in which
peak distortions occur because of the integration, we will
show that the performance of our VCSEL based interrogator
is superior than the used commercial interrogator. This can
be explained by the fact that a higher wavelength resolution
is obtained in our interrogator and that a more robust peak
detection method is used [11].

2. Materials and Methods
2.1. The Proposed Measurement System. Our proposed FBG
interrogation system is built around a (commercially available) multifunction data acquisition (DAQ) board which is
controlled by a personal computer. The setup is shown in
Figure 1. The analog outputs channels of the DAQ board are
used to generate two signals (see green blocks in Figure 1):
(i) A sawtooth signal that is used to generate a linear shift
in the wavelength that is produced by the VCSELs.
(ii) A (periodic) excitation signal which is used to drive
the excitation device to generate controlled vibrations
in the structure.
Two analog input channels are used to measure two signals:
(a) the optical power of the VCSEL signal that is reflected by
the FBG sensor and (b) force transducer and accelerometer
sensor signals. Because these signals are measured by the
same DAQ device the measurements can be obtained simultaneously.
In this paper we have used the following system components:
(i) Computer: a Dell Latitude E5440 laptop (the measurements are performed, processed, and visualized
in Matlab).
(ii) Data acquisition system: a National Instruments NIUSB-6363 DAQ device (the device has a maximum
sample rate of 1 MHz (when two analog inputs are
measured). This sample rate determines the scan rate
of the interrogator system: when using, for example,
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Figure 2: Center wavelength of the VCSEL signal in function of
driving current.

an interrogation of 100 wavelengths, full-spectrum
measurements can be performed at a rate of 10 kHz.
This principle will be explained in more detail in
Section 2.2).
(iii) Diode driver: Thorlabs type LDC 200C Diode driver.
(iv) VCSELs: VTEC 1550 nm pigtailed single mode
VCSEL with an output power of 0.5 mW.
(v) Photodiode: Hamamatsu InGaAs Photodiode (A
Thorlabs type PDA200C amplifier is used to measure
the current signals. The amplifier has six gain factors.
In the paper the 0.1 mV/V range was used (with this
range the measurement bandwidth is 250 kHz)).
(vi) FBG sensors: FBGS draw tower gratings.
(vii) Excitation device: Bruel & Kjaer Type 4810 electrodynamic shaker.
(viii) Force sensor and accelerometer: PCB piezoelectric
transducers.
(ix) Device under test: (1) steel beam and (2) carbon fiber
composite T-joint specimen.
The diode driver generates a current of 2 mA through the
VCSEL for each volt that is applied to the driver (the input
voltage is generated by the DAQ board signal generator). By
applying a linear voltage signal between 0.75 V and 8.25 V
one can thus sweep the current between 1.5 mA and 16.5 mA.
This results in a sweep of the wavelength of the VCSEL
between 1538 nm and 1548 nm as can be seen in Figure 2. The
wavelength sweep is not perfectly linear over the complete
range, but in the context of vibration measurements this does
not pose any problem because the wavelength shift due to
vibrations will be limited to a few picometers only.
In order to perform a measurement in a certain wavelength range [𝜆 min , 𝜆 max ], the VCSEL is driven using a
sawtooth signal which linearly varies between two currents
that correspond to the lower wavelength 𝜆 min and upper
wavelength 𝜆 max (using the current conversion factors shown
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Figure 3: Illustration of the measurement principle. The blue line
represents the VCSEL current and the green curve corresponds to
the photodiode current of the signal reflected from the FBG sensor.
For each sawtooth period two Bragg peaks are visible.

in Figure 2). The photodiode measures the spectrum of the
reflected signal power in the wavelength band [𝜆 min , 𝜆 max ].
This Bragg peak measurement principle is illustrated in
Figure 3. From Figure 3 it can be seen that a Bragg peak in
the photodiode current (see green line) is observed twice for
each period of the sawtooth shaped VCSEL current signal
(blue line in Figure 3): both at the rising edge of the sawtooth
and at the falling edge of the sawtooth a peak occurs in the
VCSEL signal. In the remainder of the paper we will use only
the Bragg peak of the rising edge.
The vector containing the measured photodiode currents
(see green curve in Figure 3) can be converted to wavelengths
by using the conversion curve given in Figure 2. The resulting
vector can be transformed into a matrix by putting every
record corresponding to one rise and fall of the sawtooth
in one column. In this matrix the evolution of the Bragg
peak in function of time is visible as can be seen in Figure 4.
In the next paragraph we will describe how we obtain the
quantitative wavelength shift values in function of time.
2.2. Data Processing. The objective of the proposed data processing technique is to obtain the peak location in function of
time in the matrix given in Figure 4. Classical interrogation
methods use quadratic or cubic interpolation of the peak
to detect the maximum with subwavelength resolution. It is
known that this method can result in inaccurate results if the
Bragg peak is distorted [11]. In this paper we will use the phase
correlation method that was proposed recently in [12]. The
method consists of the following steps:
(1) Calculate the FFT of the different columns of the
data matrix A represented in Figure 4 to obtain the
complex matrix B.
(2) Calculate the phase value of each element of the
complex valued FFT matrix B (using the Matlab
command angle(B)). Denote the resulting matrix 𝜃B .
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Figure 5: Setup of the steel beam experiment.

(3) Scale the matrix 𝜃B by multiplying each element in
row 𝑘 of the matrix by 𝑁𝜆 0 /2𝜋𝑘 to obtain the matrix
Δ𝜆 (where 𝜆 0 is the wavelength resolution of the
measurement).
(4) Calculate the median value of the matrix Δ𝜆 along the
columns to arrive at the vector containing wavelength
shift in function of time: 𝛿𝜆(𝑡1 , . . . , 𝑡𝑛 ) (with 𝑛 the
number of columns of A).
In this paper we have applied the above-mentioned phase
correlation method to obtain strain values from all VCSEL
based interrogator measurements. The subwavelength shifts
(and hence strains) from the FBG-scan spectra shown in the
remainder of the paper were obtained from the maximum of
a quadratic peak fit (this is the peak detection method that
is used in the software provided by the manufacturer FBGS).
In the next section we will illustrate the measurement system
on two vibration analysis test cases: a cantilevered steel beam
and a cantilevered carbon fiber composite test sample.

3. Results and Discussion
3.1. Steel Beam Test Case. In the first example, a cantilever
steel beam was tested. The steel beam was clamped on a steel
I-profile. An electrodynamic shaker was fixed below the beam
at a position of 10 cm from the clamping (see Figure 5). A
force transducer was used to measure the excitation force

generated by the shaker. The beam was instrumented with
a single mode optical fiber in which 22 FBG sensors were
placed (distributed equally along the length of the beam).
The FBG sensors were read out sequentially with the
FBG-scan 700 interrogator (from company FBGS) and with
the proposed VCSEL based interrogator. The optical spectra
of both interrogators and their standard deviation (obtained
from 10 independent measurements) are shown in Figure 6.
From the figure it can be observed that the SNR of the FBGscan is around 50 dB compared to about 35 dB for the VCSEL
based system. This can be explained by the fact that the optical
power of the light source of the FBG-scan interrogator is
considerably higher than that of the VCSEL (the maximum
power of the VCSEL is only 0.5 mW). Also, the bandwidth
of the FBG-scan interrogator is significantly larger: 40 nm
compared to 3 nm for the VCSEL based interrogator (it
can be noted from Figure 2 that the wavelength bandwidth
of the VCSEL can go up to 9 nm, but we have limited
ourselves to a smaller bandwidth in in which the dependency
between current and wavelength is linear). This means that
in the VCSEL based interrogator only four out of twenty-two
gratings can be measured (remark that this could be extended
by using multiple VCSELs in the measurement system). It
should be noted the bandwidth and power of the used VCSEL
are somewhat limited compared to the used commercial FBG
interrogator. However, both the power and bandwidth of
commercially available VCSELs are continuously increasing
(the tests performed in the paper were performed in May 2015
with a 0.5 mW VCSEL and six months later 2 mW VCSELs are
available on the market).
In the current experiment we aim at reading out the
FBG sensors with the VCSEL based system at a rate of 5 kHz
(compared to the 2 kHz maximum readout of the FBG-scan
system). Because we have used a sample rate of the DAQ
system of 500 kHz (this is the maximum sample rate for
four input channels for our device) this means that we have
100 wavelengths in each measurement, giving a wavelength
resolution of 30 pm (compared to 80 pm for the FBG-scan
system). We could reduce this resolution by increasing the
sample rate (up to 1 MHz is possible with the current device in
case two inputs are acquired) or by decreasing the rate of the
readout. In principle it is possible to read out FBG sensors at
higher rates than the 5 kHz rate used in the paper. One should
be careful when using high frequency sawtooth signals to
drive the VCSEL because of the following two reasons:
(i) The laser diode driver has a limited low-pass frequency (in our case the Thorlabs type LDC 200C
has a maximum low-pass frequency of 250 kHz). This
means that at high frequencies the sawtooth will be
low-pass filtered.
(ii) The VCSEL introduces hysteresis at high frequencies.
In order to test and compare the dynamic response of both
interrogator systems we have used two types of excitation
signals:
(i) Sinusoidal excitation at 182 Hz (near the third resonance frequency of the beam).
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Figure 7: Measured vibration spectra: (a) when using sinusoidal excitation, (b) when using swept sine excitation.

(ii) Periodic chirp excitation between 0.25 Hz and
500 Hz.
The results of these measurements using both interrogation
systems are shown in Figure 7.
From Figure 7(a) it can be concluded that the SNR of the
vibration measurements is the same for both measurement
systems: about 60 dB. The noise floor of the measurements
is at −50 dB which gives us a strain level precision of 3 n𝜖
(the 0 dB reference in the plot is chosen equal to 1 𝜇𝜖). The
measured amplitude of the sinusoid obtained using both

systems is equal (the difference is about 1 dB), but it can be
observed that the frequency of the FBG-scan interrogator
does not perfectly correspond with the excitation frequency.
This is caused by the fact that the sample times of the FBGscan system are not synchronized with the excitation. It
should be noted that several commercial interrogators allow
synchronization with external signals but this option was not
used in the paper. Because of this lack of synchronization it
is not straightforward to calculate the Frequency Response
Functions (FRFs) using the FBG-scan system (the FRF is
defined by the Fourier spectrum of the strain divided by
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Figure 8: Setup of the composite beam experiment.

the Fourier spectrum of the excitation force applied to
the structure with the shaker). Since the VCSEL based
interrogator and the shaker are controlled by the same DAQ
board, the measurements of the FBG sensors and the force are
obtained simultaneously (and hence they are automatically
synchronized).
From the response of the periodic chirp (see Figure 7(b))
the first four resonance frequencies of the beam can be
identified. The vibration spectra corresponding to both measurement systems match very well (note that the strain levels
are very low, below 0.1 𝜇𝜖).
From the experiment we can conclude that the VCSEL
based interrogator enables us to obtain measurements with a
precision that is close to the one of the commercially available
interrogator (FBG-scan 700). With our VCSEL based system
we can simultaneously measure strain (using the FBG sensor)
and force signals. This allows us to more easily calculate
Frequency Response Functions (FRFs).
In the next paragraph we will show that the proposed
interrogator system is much more robust for distortions of
the optical FBG spectra.
3.2. Composite Beam Test. In this section we give the results of
vibration measurements on a carbon fiber T-joint specimen
(see setup in Figure 8). The structure was instrumented with
a fiber sensor (with one FBG grating) that was inserted in the
middle of the specimen during the manufacturing process
(remark that there is a second fiber sensor attached on the
specimen but this one was not used in the test because the
wavelength is outside the range of the interrogator). As was
the case in the steel beam example, we used a shaker to
excite the beam and a force sensor to measure the excitation
force. Again, the FBG sensor was read out with the FBG-scan
700 interrogator and the proposed VCSEL based system. The
optical spectra (without any mechanical excitation applied)
are shown in Figure 9.
The SNR values are similar to the ones measured in the
steel beam case: 60 dB for the FBG-scan and 40 dB for the
VCSEL based system. In this measurement case there are two
important differences compared to the steel beam case which
can be observed in Figure 9(b):

(ii) The spectrum is heavily distorted: the top is not flat
and side lobes appear.
This peak distortion, and more in particular peak broadening, is typical for sensors that are integrated in composite
materials [13]. Note that because of the limited wavelength
resolution in the FBG-scan analyzer these effects cannot
be observed in Figure 9(a). In what follows we will show,
however, that these effects can have a large influence on the
vibration measurements. We note that in our peak detection
algorithm we have assumed that the distortions are not
changing during the loading of the specimen. Because in
vibration engineering the strain variations are usually small
this assumption is realistic (we have checked that there are
indeed no significant changes of the peak distortions between
the signals measured at different strain levels during the
loading).
Ideally, one should compare the measured strains with a
reference strain gauge. However, it is not possible to apply
such a strain gauge internally in the composite material.
Therefore, we have used two methods to validate our results:
firstly, we evaluate the SNR of the two investigated interrogators when a pure sinusoidal excitation is applied. Secondly, we
compare the resonance frequencies obtained from the FBG
sensors with those obtained from an accelerometer (when
applying a periodic chirp excitation). In the composite beam
experiment the vibration spectra obtained using the FBGscan interrogator and the VCSEL based interrogator deviate
significantly. Because of the distortions in the spectra, the
signal-to-noise ratio (that can be observed when using the
sinusoidal excitation) is about 12 dB lower when using the
FBG-scan interrogator. Also, the broadband vibration spectrum of the FBG-scan system shown in green in Figure 10(b)
is distorted (the resonance peak at 206 Hz cannot be identified anymore, while it is clearly present in the acceleration
spectra). The proposed technique, on the other hand, is not
sensitive to these distortions because of the following two
reasons:
(i) The wavelength resolution is high enough to capture
the distortion (16 pm compared to 80 pm for the FBGscan).
(ii) The peak detection algorithm that was used (see
Section 2.2) is robust for distortions in the spectra (as
was shown in [11]).
Because we simultaneously measure force and acceleration
signals with the VCSEL based interrogator we can also
calculate Frequency Response Functions and compare the
resulting FRFs for acceleration (from accelerometer) and
strain (from FBG). The FRFs are displayed in Figure 11 and
they were used as an input for a modal parameter estimation
algorithm [14]. In Table 1 the results of the first four estimated
modes from accelerometer and FBG sensor data are given.
It can be seen that the errors on the identified resonance
frequencies are very small (average relative error less than
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0.2%). The damping value estimates show an average relative
deviation of 3% but in vibration analysis this is considered
small as it is known that damping estimates usually have a
significantly larger uncertainty.
From the results of the composite beam experiment we
can conclude that the proposed system allows us to perform
reliable vibration measurements even if the optical spectra are
heavily distorted.

4. Conclusions
We have proposed an FBG sensor measurement system that
is dedicated for vibration analysis. Because the system is
completely controlled by a multifunction DAQ board it is

possible to simultaneously acquire force and accelerometer
measurements, and hence it is easy to calculate Frequency
Response Functions. The hardware used in the proposed
setup can be purchased off-the-shelf and it is fairly of low
cost (the total cost of the system including the DAQ board
is 4𝑘). Using a vibration measurement of a steel beam we
have shown that the proposed system results in measured
vibration spectra that are comparable to the ones determined
with a commercial interrogator. In case significant distortions
are present in the optical spectra, the proposed system even
outperforms traditional measurement systems.
Currently, the system has two limitations: (1) with current
the optical power is limited to less than one mW; (2) the
bandwidth is limited to about 9 nm. Ongoing technological

8

Journal of Sensors
Table 1: Estimated resonance frequencies and damping values.

Mode
First bending
Second bending
First torsion
Third bending

Accelerometer
𝑓𝑛acc , in Hz
𝜉acc , in %
22,7
1,9
145,2
2,1
206,5
1,5
323,4
0,6

FBG sensor
𝑓𝑛FBG , in Hz
𝜉FBG , in %
22,7
1,8
144,4
2,1
206,6
1,4
323,6
0,6
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advances in VCSEL technologies, however, continuously
extend the range of the available power and wavelength range.
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