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Dual Optical Frequency Comb (DOFC) interrogation has emerged as a promising approach for high-resolution
Fiber Bragg Grating (FBG) sensing, yet its robustness across gratings of differing spectral bandwidths remains
insufficiently explored. Two key gaps persist: first, the lack of systematic evaluation of a single DOFC platform
applied consistently to both narrow- and broadband FBGs; and second, the absence of a unified signal-processing
strategy that maintains accuracy under variable spectral sampling conditions. Here, we address these challenges
by developing a bandwidth-adaptive DOFC interrogation framework that unifies optical and algorithmic opti-
mization across diverse FBG bandwidths. To the best of our knowledge, this is the first systematic assessment of a
mutually coherent dual-comb system applied to multiple FBG bandwidth regimes within a single interrogation
platform. The system employs Externally-Injected Gain-Switched Lasers (EI-GSLs) to generate two mutually
coherent combs and a custom ADC-FFT module enabling real-time spectral acquisition. A spectral-envelope-
assisted inverted Gaussian fitting (IGF) algorithm is implemented to reconstruct sparsely sampled FBG notches
and extract precise Bragg wavelength shifts. Experiments on FBGs with 0.1 nm and 0.3 nm bandwidths
demonstrate consistent high-fidelity strain tracking, achieving effective detection limits of ~ 375-380 ne, dy-
namic ranges up to 1300 pe, and linearity of R% ~ 0.98. Compared with a state-of-the-art swept-laser interrogator,
which fails to resolve at the finest nano-strain increments, the proposed DOFC-IGF approach delivers superior
stability and resolution across all tested bandwidths. These findings establish a practical framework for
bandwidth-adaptive DOFC interrogation, enabling scalable and cost-effective deployment of mixed-bandwidth
FBG arrays in high-resolution sensing networks.

1. Introduction tunable laser scans — photodetector array, and integrated devices such as

an arrayed waveguide grating (AWG), offer direct spectral reconstruc-

High-resolution static strain sensing plays a pivotal role in applica-
tions ranging from aerospace structural health monitoring to biomedical
instrumentation and precision metrology [1,2,3]. Fiber Bragg Gratings
(FBGs) have emerged as a leading platform for these tasks, owing to their
inherent strain sensitivity (~1 pm/pe), spatial resolution, multiplexing
capability, and compatibility with optical fiber networks [2]. The ability
to interrogate FBGs with sub-microstrain resolution is therefore of
fundamental and practical interest [4]. Conventional FBG interrogation
techniques can be broadly divided into wavelength/frequency-domain
and intensity/time-domain approaches. Wavelength-based methods,
including the use of broadband ASE sources — optical spectral analyzers,
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tion. However, these methods often suffer from limited refresh rates,
bulky hardware, or high cost, limiting their deployment for commercial/
industrial applications. Intensity-based schemes, such as edge-filter
detection, tunable Fabry-Pérot filters, or slope-detection methods, pro-
vide compact and low-cost alternatives, but are typically constrained in
resolution, linearity and multiplexing capability. As a result, these
methods face several trade-offs among spectral resolution, speed, scal-
ability, and robustness [5,6], potentially compromising their use for
multiple and diverse strain-sensitive applications. In contrast, dual-
comb spectroscopy (DCS) measures the spectral response of a sample
using two mutually coherent optical frequency combs (OFCs) with
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slightly different free spectral ranges (FSRs). Once these two OFCs are
combined and photodetected, the optical features of the combined
signal are down-converted into the radio-frequency (RF) domain,
enabling a quick, absolute-frequency referenced readout without me-
chanical scanning [7,8]. A key enabler for compact, low-cost DCS is the
use of gain-switched semiconductor lasers, which are subjected to op-
tical injection (OI) [9]. The use of OI provides a stable phase reference to
the dual comb system, making both combs coherent while improving
their performance in terms of wavelength stability, carrier-to-noise
ratio, and spectral bandwidth [10]. Such Externally-Injected Gain-
Switched Laser (EI-GSL) sources have demonstrated coherent dual-comb
operation with extremely high amplitude stability of individual lines
(<0.3 dB), and practical spectroscopy performance in using cost-
effective, simple and robust hardware [10,11] with a strong potential
for integration.

The use of a DOFC for FBG interrogation allows the direct mapping of
the FBG optical features into the RF spectra. Typically, one of the combs
(or both) is (are) transmitted/reflected by the FBG, directly affecting its
tone amplitude. The combined signal is subsequently photodetected,
resulting in an RF comb envelope that now showcases the FBG features.
Bragg wavelength shifts can then be tracked through changes in this RF
comb envelope. Prior demonstrations using electro-optic [12], mode-
locked fiber-laser [13,14], and gain-switched combs [15] have
confirmed that DCS enables rapid and precise interrogation. A central
challenge, however, lies in spectral sampling density. When the OFC’s
FSR is comparable to or larger than the 3 dB width of the FBG transfer
function (i.e., FBG’s transmission spectra in this case), it results in a few
OFC tones sampling the FBG. Under such sparse-sampled conditions, the
apparent spectral envelope and the accuracy of Bragg wavelength dip
localization no longer reflect the complete intrinsic FBG transfer func-
tion directly, but rather depend on how the discretely sampled spectrum
is reconstructed or interpolated during post-processing [4,16,17].

In this regime, the fidelity of demodulation relies strongly on digital
signal processing strategies designed to recover the spectral peak from
limited data points. Existing DCS interrogations can be broadly divided
into two classes: (i) direct grid-based estimators such as weighted-
centroid or barycentric tracking [18], fixed dB edge or half-power
thresholding, and discrete cross-correlation [4]; and (ii) Parametric or
model-based estimators, such as nonlinear least-squares fits [14,15],
spline models, or multi-optimization template-matching [13]. While the
first approach is computationally efficient and hardware-compatible, it
is prone to comb spacing dependent bias and noise-driven variance
under sparse or asymmetric sampling. Whereas the latter approach
mitigates this bias by imposing known spectral shape constraints,
though at greater computational cost and with sensitivity to model
mismatch. Since the effective spectral resolution in dual-comb interro-
gation is ultimately determined by the comb spacing, the interpolation
method and estimator choice significantly influence the localization
error. Each approach carries bandwidth dependent trade-offs. For
instance, narrow gratings (~0.1 nm) may be sampled by only a couple of
comb lines, resulting in reduced fitting robustness, as small variations in
individual optical tone amplitudes or phase noise can lead to significant
uncertainty in estimating the central Bragg wavelength shift.
Conversely, broader gratings provide a denser sampling grid but exhibit
increased sensitivity to amplitude fluctuations and spectral baseline
noise, as a larger portion of the comb interacts with weaker sidelobes or
non-uniform FBG regions. This interplay underscores the need for
adaptive interpolation and fitting pipelines that remain robust across
varying bandwidths of FBGs when interrogated by a common DCS sys-
tem. Thus, two gaps are particularly evident, firstly, the systematic
evaluation of utilizing the same DOFC interrogation methodology across
different FBG bandwidths. Secondly, most existing signal processing
pipelines are optimized for FBGs with a specific spectral bandwidth,
which limits their applicability when the same DCS interrogation system
is used with gratings of different bandwidths. This raises a question of
whether a unified strategy can be applied across both narrow and broad-
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bandwidth gratings while maintaining accuracy and robustness.
Addressing these gaps is essential for advancing DOFC from laboratory
demonstrations toward real-world distributed sensor networks with
mixed-bandwidth arrays. Indeed, previously [4], we demonstrated EI-
GSL-based DOFC interrogation only on a single FBG with a 0.5 nm
bandwidth using an electrical spectrum analyzer-based readout and
non-adaptive demodulation, primarily focusing on various signal pro-
cessing techniques to track FBG shifts.

To bridge these gaps and expand our previous work significantly for
practical applications, this study systematically investigates the perfor-
mance of EI-GSL based DOFC interrogation across FBGs of varying
bandwidths, ~0.1, ~0.3, and ~0.5 nm, leveraging a custom built ADC-
FFT module for real-time signal acquisition. To address how the FBG
bandwidths affect the interrogation performance and the bandwidth
related sampling challenges of gratings, we developed an inverted
Gaussian fitting (IGF) pipeline that adapts to the number of comb lines
overlapping each notch. This study thus extends dual-comb interroga-
tion from single-bandwidth demonstrations to a framework applicable
across mixed-bandwidth FBG arrays.

2. Experimental setup

The experimental configuration was designed to evaluate the static-
strain sensing performance of FBG sensors with various bandwidths
using EI-GSL based DOFC. The setup also allows systematic comparison
of sensor metrics (e.g., sensitivity, linearity, and resolution) by bench-
marking it against a state-of-the-art commercial FBG interrogator. The
overall schematic is shown in Fig. 1.

The DOFC interrogation module was realized using two gain-
switched semiconductor laser diodes. Two Fabry-Pérot lasers (Pilot
Photonics — FP 203 and FP 204) were gain-switched with a combination
of a bias current (Ipjas) = 22 mA, Ipiasp = 15 mA), provided by the current
controller (Koheron CTL20-2), and two RF signals, generated by two
synthesizers (ADF4356 BCPZ) and both amplified up to 23 dBm, with
repetition rates of 1 GHz and 999.98 MHz, respectively, resulting in a
repetition rate difference or frequency offset of (Af) of 20 kHz. Addi-
tionally, external injection from a wavelength tunable semiconductor
laser (Pure Photonics, PPCL700, 15 kHz) provides a stable wavelength
reference and ensures mutual coherence between the two OFCs. To
guarantee the gain switching of both secondary lasers is time synchro-
nized, one synthesizer is set to function as the primary and the other as a
secondary source via a 10 MHz reference clock. This is critical for the
coherent heterodyning and down-converting of both combs to the RF
domain. The DOFC interrogator was housed in a compact, thermally
insulated enclosure to minimize effects from environmental changes.
Subsequently, operational performance of the interrogator in terms of a
30-min amplitude stability test was carried out with the aid of a high-
resolution optical spectrum analyzer (APEX AP2083A with a resolu-
tion of 0.16 pm). This test yielded results that showed reduced ampli-
tude fluctuations of each OFC (below 0.3 dB across the 54 lines that lie
within a 3 dB bandwidth). It is important to note that coarse wavelength
tunability can be achieved by optically injecting into different FP modes,
while fine wavelength tunability could be achieved by changing the bias
current or temperature of the FP lasers [19]. In addition, the FSR of each
comb can be changed by simply altering the frequency of the respective
synthesizer used to modulate it. Hence, the wavelength and the FSR of
the DOFC interrogator can be matched to the bandwidth of the FBG,
thereby optimizing interrogation sensitivity and dynamic range. The
comb outputs were combined via a 50:50 polarization-maintaining
coupler and routed to a programmable optical band-pass filter (OBPF,
WaveShaper 1000s). It was used to remove comb lines below the in-
jection, including the injection wavelength, thus essentially isolating the
unique RF beat tone frequencies overlapping the FBGs [10]. All fiber
components inside the DOFC enclosure, including the coupler, utilize
polarization-maintaining fiber to mitigate polarization induced in-
stabilities arising from temperature, humidity and injection conditions.
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Fig. 1. Experimental setup for static strain sensing of FBGs using Externally-Injection Gain-Switched Lasers (EI-GSL) based Dual Optical Frequency Comb (DOFC)
interrogation system. VCO — Voltage Controlled Oscillator, GS-SL — Gain Switched Slave Laser, CW-ML- Continuous Wave Master Laser, LPF — Low Pass Filter, Vgp —
RF drive voltage, VOA- Variable Optical Attenuator, OBPF — Optical Band Pass Filter. The inset shows representative DOFC spectra after OBPF and after transmission
through the FBG in RF domain.
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Fig. 2. Comparison of transmitted spectra for FBG1: (a) optical-domain transmission spectrum (in gray) and (b) corresponding RF-domain spectrum (in blue) after
DOFC interrogation; and for FBG2: (c) optical-domain transmission spectrum and (d) corresponding RF-domain spectrum after DOFC interrogation.
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The output of the OBPF was directed through the FBGs, and the trans-
mitted signal was detected by a low-speed photodetector (Thorlabs
PDA10CF). The photodetector output was subsequently digitized and
processed using a custom prototype ADC-FFT module, which integrates
a 14-bit ADC (ADC14L020) operating at 10 MSPS with a 600 MHz NXP
iMXRT1062 ARM Cortex-M7 microcontroller, providing USB interfacing
and on-board FFT capability for real-time spectral recording. For cali-
bration, the FBGs were mounted on a precision translation stage
(Thorlabs MAX313D/M — 3-Axis NanoMax Stage), with one end affixed
to a linear piezoelectric actuator (PI-753 LISA), controlled via PZT-servo
controller (PI E-501 modular piezo controller).

Two FBGs were employed as sensing elements, (i) FBG1 — centered
at 1551.31 nm with a bandwidth of ~ 0.32 nm, and (ii) FBG2 — centered
at 1551.62 nm with a narrower bandwidth of ~ 0.13 nm. Their com-
plementary spectral responses enabled direct assessment of interroga-
tion performance as a function of grating bandwidth. The corresponding
transmission optical spectra of the FBGs are shown in Fig. 2a) and c),
while Fig. 2b) and d) show the associated unique down-converted RF
spectra after DOFC interrogation. Together, these plots illustrate the
mapping of the FBG spectral features from the optical domain to the RF
domain via dual-comb heterodyne detection. For clarity on the mutual
spectral arrangement, Fig. S1 presents representative optical-domain
spectra of the individual OFCs under injection locking, acquired using
a high-resolution optical spectrum analyzer prior to optical band-pass
filtering. The calibration process involved systematically applying
known strain increments to the FBGs using the PZT and recording the
corresponding spectral responses. Controlled strain increments in
various step sizes were applied via the PZT by imposing calibrated dis-
placements of 1 pm, 100 nm, 50 nm, and 10 nm, corresponding to strains
of 3.33 pe, 0.33 pe, 0.17 pe, and 33.3 ne, respectively. This configuration
facilitated the systematic assessment of the system's sensitivity and
linearity over a wide range of strain values.

To validate the performance of the DOFC interrogation system, the
FBGs were also interrogated using a commercial Smart Scan interrogator
(Smart Fibres), which serves as a benchmark due to its widespread use
and established reliability. Calibration plots obtained from the DOFC-
based methods were compared with those from the Smart Scan inter-
rogator, which reconstructs the FBG reflection spectrum using a swept-
laser source with dense spectral sampling and internal averaging, from
which the Bragg wavelength is estimated using proprietary signal-
processing routines. In this study, the system was operated under its
recommended static-strain configuration setting, at a 2.5 Hz acquisition
rate, with 1000 averaging and a single-file integration time of ~ 4.5s, to
ensure optimal wavelength stability and a fair comparison. Additionally,
FBGs were kept under enclosed environment to minimize air-flow driven
fluctuations and short-term thermal transients.

3. Methodology

Accurate determination of Bragg wavelength shifts from the DOFC-
interrogated FBG spectra requires robust signal processing capable of
extracting sub-picometer wavelength shifts from the down-converted RF
comb data. Mutual coherence between the EI-GSL combs suppresses
relative phase noise and linewidth broadening, ensuring that the RF beat
notes retain the stability to accurately and reliably reproduce the optical
spectral envelope, thereby enabling digital post-processing without loss
of spectral fidelity. The processing pipeline consisted of the following
steps: (i) Acquisition of RF signal and its power spectral density (PSD)
estimation, (ii) Comb-line selection and interpolation, (iii) Inverted
Gaussian fitting, (iv) Frequency-to-wavelength mapping, and (v) Cali-
bration, validation and extraction of system performance metrics.

Firstly, transmission spectra were acquired using the custom built
ADC-FFT module in single-shot measurements mode with a frame rate
of ~ 1.1 frames per second for each strain step. The resulting signal (PSD
spectra) is the outcome of the down-converted OFCs passed through the
FBG. These spectra provided the basis for calibration across different
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applied strain increments. Secondly, for each PSD trace, the resonance
notch of the FBG was first identified by locating the initial dip (i.e.,
minimum amplitude) in the RF spectrum. Around this dip, a variable
number of adjacent comb lines were selected to balance fitting stability
against noise sensitivity. In practice, the selection of comb lines was
guided by an initial reference spectrum acquired under pre-strained
conditions for each FBG. This pre-strained DOFC-interrogated spec-
trum establishes the approximate spectral extent of the notch in the RF
domain and, consequently, the number of comb lines overlapping the
resonance. For each subsequent measurement, the algorithm identifies
the initial dip and selects all comb lines spanning the local notch region,
together with a small number of neighboring lines on either side (typi-
cally 2-4 additional tones per side) to stabilize the baseline estimation
without introducing off-resonant noise. As a result, narrowband gratings
like FBG2 (~0.1 nm) are typically represented by 5-6 comb lines,
whereas broader gratings such as FBG1 and FBG3 (~0.3-0.5 nm) sup-
port a larger fitting window thus leading to denser sampling, as seen in
Fig. 2 and Fig. 3.

To reconstruct a spectral profile suitable for curve fitting, linear
interpolation was applied across the selected points. While the FBG
spectral response can be rigorously modeled using coupled-mode/
transfer-matrix methods [20], our objective here is not complete spec-
tral reconstruction but robust estimation of the resonance shift from a
limited number of comb samples. We therefore use an inverted-Gaussian
surrogate to model the local notch region of the RF-domain envelope, as
seen in Fig. 3a-d):

y(x) = a— bexp( - (xz—dzc)z ) (€D)

where a is the local baseline, b is the notch amplitude, c is fitted
parameter, corresponding to the effective Bragg frequency of the grating
and d is the effective width, governing the curvature of the fitted notch.
The model parameters were estimated using bounded nonlinear least-
squares fitting implemented via the SciPy curve_fit routine. Initial
parameter values were derived directly from step (i) by locally selecting
comb samples under pre-strained conditions. To reduce sensitivity to
initialization and prevent non-physical solutions, bounds were imposed
during optimization, such as, b > 0, d > 0, ¢ € [fmin, fmax], Where fnin and
fmax denote frequency limits of the selected fitting window, and a was
constrained to within + 10% of the estimated local maximum. Addi-
tionally, the power threshold value was also specified to avoid spectral
floor noise. The final resonance frequency was obtained by evaluating
the fitted model on a denser frequency grid via interpolation and
selecting its minimum amplitude, further improving robustness under
sparse spectral sampling.

This adaptive selection of comb lines ensures that the fitting pro-
cedure remains robust across gratings of different bandwidths, under-
pinning the bandwidth-independent applicability of the DOFC-IGF
method, as seen in Fig. 3a-d). Additionally, this selection logic can be
readily automated by monitoring the stability of fit metrics (e.g., R? or
SSE) as the fitting window is tuned. The fitted notch-center frequency
was then mapped back into the optical wavelength domain using the
known RF-optical scaling determined by the DOFC repetition rates. This
conversion ensures that the recovered values correspond directly to the
physical Bragg-wavelength shifts of the FBGs, thereby linking the RF-
domain IGF output to the true optical response of the sensor.

Calibration curves were obtained by plotting the extracted Bragg
wavelength shifts against the applied strain values for different strain
step sizes (strain increments) across both FBGs. Representative examples
of these calibration plots are shown in Fig. 3e-f). The slopes of the
calibration curves yielded the strain sensitivities (pm/ue), while the
standard deviation of the residuals provided the calibration error (c.).
Additional performance metrics, including the standard deviation of
residuals under pre-strained conditions over 300 s (6), the coefficient of
determination (RZ), and the sum of squared errors (SSE), were extracted
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Fig. 3. Inverted-Gaussian fitting workflow for FBG1 (a, c, e) and FBG2 (b, d, f) with differing bandwidths — (a,b) representative fits, (c,d) aggregated fitted curves
under increasing strain, and (e,f) corresponding strain-sensitivity results/ calibration plots, respectively.

to assess fitting fidelity and stability. From these quantities, the Figure of
Merit (FoM) and effective strain resolution were subsequently deter-
mined as described in our previous work [4].

This methodology was applied uniformly to both FBG1 and FBG2,
and their execution times for processing a single CSV file were found to
be in the ranges of 340-350 ms and 152-170 ms, respectively. The
sharper spectral dips of FBG2 (see Fig. 3d)), facilitated well-defined IGF
despite its narrower bandwidth, while FBG1 exhibited broader but
smoother features (see Fig. 3c)). In both cases, the processing pipeline
enabled the consistent and repeatable extraction of Bragg wavelength
even when 33 ne strain increments were applied, establishing the EI-GSL
based DOFC interrogation scheme as a reliable high-resolution tech-
nique. On the other hand, the commercial Smart Scan interrogator data
were processed using its internal algorithms and exported for direct
comparison with the DOFC-derived calibration curves. By aligning
strain steps, resolution, and sensitivity metrics, this approach enabled

rigorous benchmarking between the prototype DOFC platform and a
widely adopted commercial standard, as discussed in the following
section.

In the present implementation, the effective interrogation rate (~1.1
frames s™1) is limited primarily by the prototype ADC-FFT module
configuration and host-side data transfer, rather than IGF algorithm it-
self. The IGF fitting step operates on a small subset of comb lines and
requires < 350 ms per frame in its current Python-based implementa-
tion. This processing time scales linearly with the number of tracked
FBG notches and can be substantially reduced through compiled
implementations or hardware acceleration. Importantly, neither the IGF
algorithm nor the DOFC interrogation principle imposes a fundamental
limitation on interrogation speed. Higher acquisition rates can be ach-
ieved by increasing the ADC sampling throughput, reducing averaging,
or implementing the FFT and IGF steps on embedded hardware such as
an FPGA. In addition, parallel fitting of multiple FBG notches enables
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straightforward scaling to larger FBG arrays, with the primary practical
constraints being available RF bandwidth, ADC dynamic range, and real-
time processing resources rather than algorithmic complexity.

4. Results and discussion

The temporal stability of the DOFC interrogation was initially eval-
uated by analyzing the mean transmitted power and its 1o fluctuation
across the RF comb lines over 300 s, to verify that the measurements
were not limited by short-term environmental perturbations. For FBG1
(see Fig. S2a), the fluctuation level was lower, ~0.18-0.28 dB, with a
maximum of ~0.37 dB across 1-4 MHz, rising slightly where the mean-
power envelope dips (~2.7-2.9 MHz). For FBG2 (see Fig. S2b), fluctu-
ations are typically ~0.2-0.3 dB, with localized peaks up to ~0.55 dB
(notably near ~0.2 MHz and ~0.9-1.2 MHz). These results indicate
stable acquisition for both gratings, with FBG1 exhibiting better short-
term stability under the present settings and confirming that the EI-
GSL DOFC-FBG static strain interrogation system maintains per-line
fluctuations at or below the 0.2-0.4 dB range over most of the band.
Figs. S3 further corroborate the stability advantage of the DOFC-IGF
pipeline. Time-domain wavelength fluctuations over 300 s reveal
consistently lower noise floors for the DOFC (c;: 0.96 pm and 0.19 pm
for FBG1 and FBG2, respectively, as seen in Fig. S3a-b), compared to the
commercial interrogator (cp: 1.21 pm and 0.45 pm, respectively). This
low noise level, along with an SNR of ~25-30 dB, underpins the high
stability and repeatability of the subsequent strain calibrations. A
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longer-term stability measurement (60 h) is reported in [10], where an
EI-GSL based DOFC exhibited maximum amplitude fluctuations of
approximately 0.3 dB and a maximum wavelength fluctuation of less
than 2 pm. With the optimization carried out on the DOFC operation, we
anticipate that the results achieved here will be similar to the ones ob-
tained in [10]. In future work, explicit temperature compensation will
be implemented using a colocated strain-isolated reference FBG (or
equivalent packaging) to separate strain and temperature contributions.

The calibration curves derived from the DOFC interrogation yielded
sensitivities in the expected range for silica FBGs (~1-2 pm/pe at 1550
nm), with linear responses sustained across strain steps from 3.33 pe
down to 33 ne. Fig. 4 and Fig. S4, report FBG1 calibration for strain steps
of 3.33 pe, 0.33 pe, 0.17 pe, and 33 ne, comparing DOFC-IGF (left col-
umn) with the Smart Scan interrogator (right column). The inverted-
Gaussian analysis yields slopes of ~ 1.47, 1.63, 2.05, and 2.02 pm/pe,
clustered around the nominal silica-FBG value with consistently strong
linearity (R% ~ 0.97-0.99). Whereas, the Smart Scan interrogator at
corresponding pe-level steps, demonstrated sensitivities of ~ 1.19, 1.20,
and 0.97 pm/pe, also with high linearity (R? ~ 0.98-0.99). However, at
the finest 33 ne step, the fitted slope drops to ~0.50 pm/pe and the
goodness-of-fit degrades substantially (R? ~0.27), highlighting its
inability to resolve minute FBG shifts. Repeated measurements under
identical conditions confirmed this trend, with the response exhibiting
poor repeatability and random variations rather than a consistent linear
behavior. In contrast, the DOFC-IGF system consistently delivered linear
behavior with the calibrated strains. Although both approaches provide
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Fig. 4. Evolution of the FBG shift with the increment in the calibrated strain for the FBG1, when the applied strain increment is 3.33 pe for a) and b); and 33.33 ne for
¢) and d). The plots in the left column correspond to data processed using the DOFC-IGF method, while the right column presents results from the commercial Smart
Scan interrogator (Comm.Int.) operated at 2.5 Hz with 1000 averages and an effective integration time of 4.5 s.
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monotonic, near-linear calibrations at the micro-strain level, the DOFC-
IGF derived slopes remain stable down to the nano-strain level with
higher sensitivities.

Similarly, Fig. 5 and Fig. S5, compare FBG2 calibration obtained
from IGF (left column) and from the Smart Scan interrogator (right
column) for strain steps of 3.33 pe, 0.33 pe, 0.17 pe, and 33 ne. The
inverted-Gaussian analysis yields sensitivities clustered near 1 pm/pe (~
0.94-1.07 pm/pe) with excellent linearity (R ~ 0.97-0.99). In contrast,
Smart Scan regressions at the corresponding pe-level steps report larger
slopes (~ 1.52-1.96 pm/pe) with slightly lower but still acceptable
linearity (R? ~ 0.92-0.99). At the finest 33 ne step, the interrogator no
longer resolves the Bragg shift reliably, following a similar trend to the
interrogation of FBG1, where the fitted sensitivity falls to ~ 0.815 pm/pe
and the fit quality degrades drastically (R> ~ 0.53), pointing to a noise-
dominated regime under these acquisition settings. The nanostrain-level
calibration measurements were repeated multiple times under identical
experimental conditions across 5 days, yielding consistent calibration
slopes, residual distributions, and strain resolutions. Taken together,
these results reaffirm that the DOFC-IGF pipeline maintains reliable,
quantitative strain retrieval for both narrow and broadband gratings,
whereas the commercial interrogator rapidly loses fidelity as the strain
step approaches the nanostrain regime.

Analysis across gratings of different spectral widths confirms that,
while the DOFC-IGF based interrogation exhibits some bandwidth
dependence, its performance degrades far less with spectral width than
that of commercial interrogators. Broad gratings (e.g., FBG2 and FBG3
with 0.5 nm bandwidth from [4]) yield more comb teeth across the
notch, improving interpolation and producing better fits, while
narrowband gratings (e.g., FBG2 at 0.1 nm) are sampled by only 5-6

DOFC-IGF
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comb lines under the tested configuration. Despite their intrinsically
steeper slopes, this sparse sampling limits the resolution gains achiev-
able with narrow FBGs and explains why FBG2 has a slightly lower
resolution.

Table S1-S4 comprehensively compares the individual performances
of FBG1 and FBG2 across various strain increments using both the
DOFC-IGF pipeline and the commercial interrogator. Table 1 and Fig. 6
further summarize the comparative performance of the DOFC-IGF
pipeline for FBG interrogation and the commercial interrogator across
different FBG bandwidths and strain increments.

The FoM trends (see Fig. 6a) highlight that DOFC consistently ach-
ieves higher values, with FoM ~2.6 for 0.1 nm and ~2.1 for 0.3 nm
gratings, and lower standard deviations (. and 6,) compared to the
commercial system, underscoring its superior sensitivity and robustness
at nanostrain scales. At microstrain levels, the DOFC-IGF pipeline out-
performs the commercial interrogator for FBG1 up until 333.33 ne in-
crements, whereas for FBG2, the DOFC-IGF pipeline clearly outperforms
at the finest 33 ne steps and remains superior at 3.33 pe increments. The
cross-bandwidth analysis confirms that the DOFC maintains a reduced
error (X = max(c., 6p)) across narrow, mid, and broadband FBGs,
particularly at the finest 33 ne increments (see Fig. 6b). Effective strain
detection limit analysis, as shown in Fig. 6¢), further confirms that the
DOFC maintains sub-ue performance across bandwidths of 0.1 nm, 0.3
nm and 0.5 nm, sustaining resolutions of ~380 ne, ~375 ne, and ~325
ne, respectively. In contrast, the commercial interrogator fails to resolve
strain at the finest increments for both 0.1 nm and 0.3 nm gratings, and
its performance deteriorates for the 0.5 nm FBG, where the resolution
degrades to more than 478 ne. Linearity comparisons (see Fig. 6d) reveal
similar trends, providing uniformly high coefficients of determination
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Fig. 5. Evolution of the FBG shift with the increment in the calibrated strain for the FBG2, when the applied strain increment is 3.33 pe for a) and b); and 33.33 ne for
¢) and d). The plots in the left column correspond to data analyzed using the DOFC-IGF method. The right column corresponds to data analyzed using the Smart Scan
interrogator (Comm.Int.) with an acquisition rate of 2.5 Hz, 1000 averaging, and an integration time of 4.5 s.
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Table 1
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Performance summary for FBG1 (0.30 nm), FBG2 (0.10 nm), and FBG3 (0.50 nm [4]) under DOFC interrogation, with comparative entries for the commercial

interrogator across bandwidths at 33ne increments.

Bandwidth Calibration error 6. (pm)  Pre-strained error 6, (pm)  Sensitivity ~ Figure of Merit  Effective strain detection limit ~ Linearity =~ Sum of squared errors SSE
(nm) S (pm/pe) FoM EDL (ne) R? (pmz)
DOFC-0.1 0.368 0.191 0.968 2.633 379.742 0.970 11.489
DOFC-0.3 0.758 0.958 2.023 2.112 374.724 0.971 64.938
DOFC-0.5 0.254 1.266 0.787 0.621 325.185 0.980 5.229
Comlnt- 0.679 0.434 0.815 - - 0.528 41.481
0.1
ComlInt- 1.696 1.156 0.496 - - 0.272 621.365
0.3
ComlInt- 0.564 1.341 1.179 0.879 478.128 0.819 32.758
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Fig. 6. a) Figure of merit (FoM) for FBG1 (D-0.3) and FBG2 (D-0.1) under DOFC-IGF interrogation compared with a commercial interrogator (C-0.3 and C-0.1) across
varying strain increments, respectively. b) Comparison of maximum standard deviation (X = max(c,,6;,)) for FBG1 (0.30 nm), FBG2 (0.10 nm), and FBG3 (0.50 nm)
under DOFC interrogation (in blue), with corresponding results from a commercial interrogator (in red) across bandwidths at 33 ne increments. c¢) Effective strain
detection limit (EDL) and d) Linearity across different FBG bandwidths (0.1, 0.3, and 0.5 nm) interrogated using the DOFC system and a commercial swept-laser

interrogator (ComlInt).

(R? ~ 0.97-0.99) for DOFC across all FBG bandwidths. However, the
commercial system exhibits pronounced bandwidth dependence and
poor regression quality for narrow (0.1 nm) and mid-range (0.3 nm)
gratings.

Collectively, these results demonstrate that DOFC interrogation not
only outperforms the commercial reference in sensitivity, linearity, and
stability, but also delivers consistent performance across diverse FBG
spectral regimes. This advantage primarily arises from the mutual
coherence and optimized fitting, enabling DOFC interrogation to extend
FBG sensing into the nano-strain regime, where commercial systems lose
accuracy and reliability. Despite these advantages, the ultimate

performance of the DOFC-IGF pipeline remains intrinsically bandwidth-
dependent. Narrower gratings may benefit more from denser comb
sampling to improve dip reconstruction, while excessive densification in
broadband gratings can introduce noise. In the current study, within this
balance, the present system achieves a usable dynamic range of ~422 pe
for FBG1 and ~1300 pe for FBG2, limited only by the DOFC spectral
flatness characterized by 3 dB window of the individual combs.

5. Conclusions

We have demonstrated a dual optical frequency comb interrogation
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system, based on externally-injection gain-switched lasers and coupled
with an optimized inverted Gaussian fitting algorithm, capable of
achieving sub-microstrain static strain resolution across fiber Bragg
gratings of varying bandwidths. Unlike our earlier work, which focused
on a single FBG bandwidth and various signal processing techniques to
track FBG shifts, this study extends DOFC interrogation to a multi-
bandwidth regime (0.1, 0.3, and 0.5 nm) and establishes, for the first
time, a unified fitting strategy that remains robust under different
spectral sampling conditions. Using a custom prototype ADC-FFT mod-
ule, calibration tests with strain step sizes down to 33 ne confirmed that
the DOFC-IGF pipeline sustains reliable wavelength-strain mapping,
enabling sub-pe resolution (~ 325-380 ne) while preserving robust
linearity (R% ~ 0.97-0.99) and sensitivity in close agreement with re-
ported literature values. In doing so, the system consistently out-
performed a state-of-the-art commercial swept-laser interrogator across
all tested spectral regimes. Comparative analysis revealed that although
both DOFC and commercial systems exhibit certain bandwidth depen-
dence, the mutual coherence of the combs and the adaptive IGF pipeline
enable the DOFC platform to maintain superior sensitivity, lower cali-
bration residuals, and significantly improved resolution.

These findings underscore the importance of balancing comb density
with FBG bandwidth , while narrow gratings may benefit from denser
comb sampling to stabilize fitting, excessive densification in broadband
gratings risks amplifying noise. The demonstrated dynamic range of
~422 pe and ~1300 pe, combined with stable sub-pe resolution and real-
time compatible acquisition, positions the EI-GSL DOFC-IGF interroga-
tion as a robust and scalable solution for high-precision strain sensing.
More broadly, this approach provides a pathway toward compact, cost-
effective sensor networks incorporating mixed-bandwidth FBG arrays,
with applications ranging from structural health monitoring to precision
metrology and next-generation photonic instrumentation.
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