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Abstract A high-resolution sensing system based on a DOFC interrogating a fs-inscribed FBG is pre-
sented. Optimized signal processing was employed to obtain sub-ue strain resolution (0.32 ue) with a
dynamic range of 422 ue, highlighting the potential for precise and real-time sensing applications.

Introduction

A fibre Bragg grating (FBG) is a periodic mod-
ulation of the refractive index inscribed in the core
of an optical fibre, which selectively reflects light
at a specific wavelength. They are broadly used
as optical sensors in a plethora of applications
due to their beneficial properties, such as high
sensitivity, compactness and multiplexing capa-
bilities [1]. In particular, femtosecond-laser (fs)
written FBGs are attracting increasing research
efforts due to their inherent characteristics, such
as temperature tolerance and robustness [2,3].
The interrogation/calibration of these sensors
typically demands high spectral resolution. How-
ever, the use of traditional interrogation ap-
proaches for high precision static strain sensing
suffers from several limitations [4,5] in terms of
resolution, speed or dynamic range, especially
pronounced in strain sensors.

Optical frequency combs (OFCs) are made up
of an array of equally spaced coherent optical
tones in the spectral domain, and are considered
as one of the most versatile systems for many di-
verse applications, including optical interrogation.
The broad range of applications across several
fields, includes optical telecommunications,
atomic clocks, and optical sensing [6]. A com-
monly used implementation of the OFC for sens-
ing applications is known as the Dual-OFC
(DOFC) [7]. This technique exploits the interfer-
ence of two different OFCs (phase referenced to
each other through a common master laser) hav-
ing two slightly different free spectral ranges
(FSRs). When detected, the resulting multi-heter-
odyne beating produces a down-converted radio
frequency (RF) signal, that preserves the optical
information of both OFCs in the RF domain. High
resolution, precise measurement, real-time ac-
quisition and high dynamic range are some of the
attributes associated with this method. Besides,

the use of the DOFC significantly simplifies the
electronics employed for the detection, eliminat-
ing the necessity of moving elements, thereby en-
hancing stability and integration. Several tech-
niques have been employed for DOFC genera-
tion. Among all, gain-switching [12] has become
one of the most popular techniques due to its in-
herent simplicity, its cost-effective implementa-
tion with commercially available components,
and its potential for integration. This technique re-
lies on a strong modulation of two semiconductor
lasers by two RF signals at slightly different fre-
quencies. The combined signal results in a high-
quality DOFC, whose performance and mutual
coherence can be largely improved by the use of
external optical injection [13].

Several approaches for FBG sensing based
on DOFCs have been reported, each of them with
different advantages and limitations [8,10-11].
Although narrowband FBG interrogation has
been successfully demonstrated using DOFCs,
extending this approach to broadband FBGs, and
more specifically to the fs-written FBGs, may
compromise some of the intrinsic benefits asso-
ciated with this technique, particularly in terms of
spectral resolution, which becomes insufficient
for the peak tracking of broader spectra.

Here, the implementation of different optimiz-
ing algorithms is explored to counteract this ef-
fect, enabling accurate FBG shift tracking of
broadband FBGs with a comparable precision
with their narrowband counterparts. This is ac-
complished using a DOFC interrogator based on
two externally-injected gain-switched lasers (El-
GSL). The results reported in this study success-
fully demonstrates peak tracking of broadband
FBGs through different strategies, all of them ca-
pable of following very small strain fluctuations
(some less than 0.8 pm) and improving previ-
ously reported results [14].
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Fig.1la: Experimental setup used for DOFC generation and FBG interrogation. CW-TL: tunable laser in CW operation, VOA:
variable optical attenuator, GS-SL: gain-switched slave laser, VCO: voltage-controlled oscillator, OBPF: optical bandpass filter,
FBG: fiber Bragg grating, PD: photodetector, ESA: electrical spectrum analyzer; Fig.1b: Reference RF comb resulting from
the down-conversion of the photodetected optical signal; Fig.1c: Reflection spectra of the FBG.

Experimental setup

The DOFC generator consists of two optically
injected Fabry-Perot (FP) lasers, gain-switched
at the repetition rates of 1 and 0.99998 GHz using
sinewaves generated by two synthesizers. The
output of the synthesizer is filtered and then am-
plified to obtain high-power RF signals with high
purity. The master laser, a commercial tunable la-
ser with a linewidth of 75 kHz, is optically attenu-
ated prior to its injection into two circulators, to
ensure high-quality OFC generation. Then, both
OFCs are combined and directed through a
band-pass optical filter and the FBG by means of
a circulator (for the reflection spectra measure-
ments). The resulting signal from the FBG is pho-
todetected and analysed using an electrical spec-
trum analyser (ESA). A sample of the down-con-
verted RF comb is provided in Fig.1b. The em-
ployed FBG for these experiments has a central
wavelength of 1551.38 and a 3-dB bandwidth of
0.5 nm. Its reflected spectrum is depicted in the
Fig.1lc. One of the terminals of the FBG was
mounted over a piezoelectric transducer (PZT)
connected to a servo-controller, which induces
strain variations in the FBG, ranging from nano to
micro strains. The strain induced by the PZT con-
troller was progressively increased by applying
controlled displacements in the range of 10 nm to
5 um, corresponding to strain variations spanning
from 33.33 ne to 32.68 g, respectively.

Experimental calibration and discussion

The calibration process was carried out in the
following steps: firstly, we measured the RF comb
on the ESA without any induced strain, as a ref-
erence. After that, we progressively increased the
controlled strain in the FBG, whilst measuring the
resulting RF comb. The different values of the
strain affected the resulting RF comb by changing

its shape and central frequency. Once all the
measurements were completed, the FBG shift of
the reflected RF comb (and therefore of the FBG)
is extracted, through the different algorithms and
converted into optical frequencies. The conver-
sion between RF and optical frequencies is given

by:
_ ( fr )
IZpt-FBG - ﬁnj I (&F-samp - fRF—ref) (1)
forr

where fin is the frequency of the injected laser
(193.177 THz), fr is the FSR of the 15t OFC (fr =
1GHz), fort is the FSR difference between two
combs, fort = 20 kHz; and frr-samp and frr-ref the re-
trieved frequencies of the RF comb for each
value of strain, and the reference, correspond-
ingly. Finally, to obtain the Bragg wavelength, fopt-
FBG IS converted into wavelength.

The first employed retrieval algorithm was the
hyperbolic tangent fitting (HTF). This algorithm
fits the amplitude of all the tones of the RF comb
to the following equation:

f(x) = a+ b tanh(c(x-d)), (2)
where a denotes the baseline power level, b is
the transition amplitude, ¢ the steepness of the
transition, and d the central frequency. An exam-
ple of this method is provided in Fig.2(a), where
the induced strain corresponds to 127ue. When
comparing the RF combs for two cases: un-
strained (Fig. 1(b)) and strained FBG (Figs. 2(a)
or 2(b)), it can be seen that, when the FBG is
strained its reflection profile shifts towards lower
frequencies, corresponding to higher wave-
lengths. The wavelength of the FBG has been re-
trieved from “d” of Eq. (2) and plotted in Fig. 2(d),
for different values of strain. A sensitivity of 1.29
pm/ue and an R? = 0.98 for applied strain incre-
ments of 18.18 pe were obtained with this
method.
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Fig.2: Top: (a) and (b): measured RF comb at different conditions of calibrated strain (blue) and its corresponding fitting accord-
ing to the chosen algorithm (in red); (c) FFT of the RF comb (in blue) and its corresponding fitting to a gaussian line shape.
Bottom: corresponding calibration plot of each retrieval algorithm.

The second algorithm to retrieve the central
frequency of the RF comb is the spline fitting (SF)
with constant power monitoring. Here, the ampli-
tudes of the RF comb lines were fitted using a
univariate spline fitting function expressed as:

s(= ZXoci. Bi(h), (3)
where Bi(f) is the basis of the spline functions,
and ci is the coefficient determined through the
fitting process. To monitor the position of the FBG
under varying strain conditions, we employed as
a reference the frequency coordinates corre-
sponding to the intersection points between the
fitted splines and a fixed threshold set at
—66 dBm, a value empirically optimized to en-
hance linearity while preserving a high signal-to-
noise ratio. An example of this fitting, for a 52 pe
applied to the FBG, is provided in Fig. 2(b). The
results of the strain calibration using this algo-
rithm are presented in Fig. 2(e). The obtained lin-
ear slope of Fig. 2(e) corresponds to a sensitivity
of 0.77 pm/ue and a R? = 0.98 for applied strain
increments of 3.3 pe.

The last used method for frequency retrieval
uses the fast Fourier transform (FFT) of the re-
sulting RF comb. This method reveals a power
distribution that can be approximated to a Gauss-
ian profile and whose maximum amplitude de-
pends exclusively on the applied strain (Fig. 2(c)).
The evolution of the Gaussian amplitude, when
the calibrated strain is changed, is shown in Fig.
2(f). The obtained linear slope of Fig. 2(c) corre-
sponds to a sensitivity of 0.0210 dBm/pe with a
R2 = 0.99 for applied strain increments of 3.3 pe.

Finally, we benchmarked strain measure-
ments using a state-of-the-art commercial inter-
rogator (with 1000 averaged traces, a data pro-
cessing rate of 2.5Hz and an integration time of
3s). To ascertain the quality of each algorithm, we
have determined the minimum attainable resolu-
tion (R), defined as the ratio of the standard

deviation of the linear fitting of each algorithm and
its retrieved slope, an estimation of the minimum
measurable strain with each method. A summary
of the main parameters of each algorithm in com-
parison with those results obtained with the com-
mercial interrogator are shown in Table 1. The re-
sults show that different methods deliver different
benefits/performance. E.g., HTF can be used for
higher strain regimes (= 3 ug) because it reliably
captures the steep transitions in the reflection
spectrum. SF on the other hand, is particularly ef-
fective at low strains (<3 pug) due to its noise-
smoothing properties and precise threshold de-
tection. Similarly, FFT-based Gaussian fitting ef-
ficiently isolates the main spectral component
from the PSD data, supporting accurate tracking
of minute frequency shifts.

Tab. 1: Summary of the obtained relevant parameters of
each retrieval algorithm.

Method o, S R (pe)
M1: HTF 8.19 pm | 1.29 pm/pe | 6.34
M2: SF 0.32 pm | 0.77 pm/pe | 0.42
M3: FFT 0.02dB | 0.07 dB/ue | 0.32
Commercial | 0.56 pm | 1.18 pm/pe | 0.48

Conclusions

Here, we show the first comprehensive
demonstration of DOFC-FBG interrogation tech-
niques applied to standard fs-written gratings for
high-resolution FBG strain sensing. By optimizing
signal processing techniques, sensitivities
around 1 pm/pe with a higher degree of linearity
(R?2>0.98) were achieved, surpassing the perfor-
mance of a commercial interrogator for static
strain sensing, and obtaining lower minimum at-
tainable resolutions (0.32 g, corresponding to
strain fluctuations of 0.8 pm), paving the way for
its use in advance sensing applications that re-
quires ultra-fine strain measurements.
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