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Abstract: This article explores the feasibility of miniaturizing and packaging Fiber Bragg Grating (FBG) based
Distributed Optical Fiber Smart Sensors (DOFSS) for future flight trials. It highlights the importance of real-time,
high-speed sensing in aerospace, particularly for hypersonic vehicles, and the challenges of conventional system
integration. The advantages of FBG technology for structural health monitoring, temperature, and pressure
sensing are examined. Potential systems, including light sources, spectral detection, and processing units, are
discussed, along with challenges such as temperature fluctuations and vibrations. Innovations in photonic
devices, fabrication, and packaging are emphasized, focusing on developing compact and robust FBG
interrogation systems. The article proposes designs for integrated photonic circuits in FBG interrogation
systems. The trade-offs between miniaturization and performance, considering sensitivity, resolution, and
durability are also assessed. Finally, future research directions are outlined to enhance the sensitivity, resolution, and
robustness of FBG interrogators while enabling miniaturization and multifunctionality. The article concludes by

summarizing the potential for miniaturizing and packaging FBG-based DOFSS for aerospace flight trials.
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1. Introduction

1.1. Real-Time, High-Speed Sensing in Aerospace

The significance of real-time, high-speed sensing in aerospace flight trials, particularly for hypersonic
vehicles, cannot be overstated [1]. As the aerospace industry pushes the boundaries of flight technology,
especially with the advent of hypersonic vehicles capable of exceeding Mach 5 [2], the need for advanced
sensing technologies becomes significant [3]. These vehicles operate under extreme conditions where
traditional sensing methods may fail to provide the necessary data for safe and effective operations. Real-
time data acquisition and processing allow engineers to monitor vehicle performance, environmental
conditions, and structural integrity, which are critical for successful flight trials [4].

High-speed sensing technologies enable the collection of vast amounts of data at unprecedented
rates. For instance, the Hypersonic International Flight Research Experimentation (HIFiRE) program has
demonstrated the importance of real-time data collection in understanding turbulent shock boundary
layer interactions during hypersonic flight [5]. Such interactions can significantly affect vehicle
performance and stability, making it essential to capture data in real-time to inform immediate decision-
making and adjustments during flight trials. The ability to analyze this data on-the-fly allows for a more
agile response to unexpected flight dynamics, ultimately enhancing safety and performance.

The integration of advanced flight computers with multicore processing capabilities has been shown
to improve the efficiency of real-time data processing in aerospace applications [6]. These systems can
handle complex algorithms that require rapid computation, enabling the analysis of sensor data in real-
time. This capability is crucial for hypersonic vehicles, where flight conditions can change rapidly, and
timely responses are necessary to maintain control and ensure mission success. The implementation of
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such technologies not only enhances the reliability of flight trials but also contributes to the development
of more sophisticated control systems that can adapt to varying flight conditions.

The importance of real-time sensing extends to structural health monitoring (SHM) as well. The
use of Fiber-Bragg Grating (FBG) sensors for monitoring the integrity of critical components in flight
vehicles is a prime example [7,8]. These sensors provide continuous feedback on structural
performance, allowing engineers to detect potential failures before they lead to catastrophic
outcomes. In the context of hypersonic flight, where materials are subjected to extreme thermal and
mechanical stresses, real-time monitoring becomes essential for ensuring the safety and longevity of
the vehicle [9]. Figure 1 shows the serious consequences that can result from hypersonic failures.
Hence, such a systems has been proposed for the Lockheed Martin Common Front End project [10].
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Figure 1. Crashed hypersonic North American X-15. (Creative Commons).

The challenges posed by hypersonic flight, including high temperatures and pressures, necessitate
the development of advanced materials and sensing technologies [11]. For example, the design of thermal
protection systems for hypersonic vehicles must account for the extreme conditions encountered during
re-entry and flight [12]. Real-time sensing plays a vital role in monitoring the performance of these
materials, ensuring that they can withstand the harsh environments without compromising vehicle
integrity. Figure 2 illustrates many of the key parameters that need to be monitored.
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Figure 2. Example parameters to be measure during hypersonic flight (clockwise from top left): fatigue, radiation

exposure, pressure loads, vibration, fluid-thermal-strucural-interactions, acoustic emissions, thermal effects

(temperature and ablations etc). (Creative Commons).
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In addition to structural and thermal monitoring, real-time sensing is critical for navigation and
control systems in hypersonic vehicles. The dynamic nature of hypersonic flight requires precise
control over flight paths and attitudes, which can be achieved through advanced sensing technologies
that provide accurate data on vehicle orientation and speed [13]. The integration of these sensors into
flight control systems enables the development of more robust and responsive navigation solutions,
which are essential for maintaining stability and control during high-speed maneuvers.

1.2. Conventional System Integration Challenges

Deploying conventional interrogation systems in extreme aerospace environments presents
challenges that impact performance and reliability, including high temperatures, rapid pressure
changes, vibration, and electromagnetic interference. Understanding these challenges is crucial for
developing effective sensing technologies.

One primary challenge is extreme temperature fluctuations during flight, especially in high-
speed and hypersonic conditions. Conventional systems rely on electronic components that may not
withstand high temperatures. Ensuring thermal stability and selecting materials that endure thermal
stresses without degrading is essential [14]. Rapid pressure changes during ascent and descent can
cause mechanical stress, leading to physical deformation or component failure, compromising data
integrity. Designing systems to account for pressure variations may require specialized materials or
protective casings [14].

Vibration from aerodynamic forces, engine operation, and turbulence can misalign optical
components or degrade signals. Robust mounting solutions and vibration-damping technologies are
necessary [14]. Electromagnetic interference (EMI) from strong electromagnetic fields near engines
and electronic systems can cause signal noise and data inaccuracies. Shielding and filtering
techniques are needed to minimize EMI impact [14].

1.3. FBG Technology and Distributed Sensing

FBGs have emerged as a notable advancement in the field of distributed sensing, offering
numerous advantages that make it particularly relevant for various applications, including SHM,
temperature measurement, and pressure sensing. The spectral sensing nature of FBGs enables them
to function effectively in distributed sensing applications, where multiple sensors can be embedded
along a single optical fiber, providing spatially resolved measurements over long distances [15,16].

One of the key advantages of FBG technology is its immunity to EMI, which is a significant
concern in many industrial environments. Unlike traditional electrical sensors, FBG sensors operate
based on optical signals, making them resistant to noise and interference from external
electromagnetic fields [17,18]. This characteristic is particularly beneficial in applications such as
SHM of critical infrastructure, where the integrity of the structure must be assessed in the presence
of various environmental factors. For instance, FBG sensors have been successfully embedded in
composite materials to monitor strain and detect damage, providing real-time data that can inform
maintenance decisions and enhance safety [19,20].

The ability to multiplex FBG sensors is another significant advantage that enhances their
applicability in distributed sensing systems. Multiple FBG sensors can be placed along a single optical
fiber, allowing for the simultaneous measurement of various parameters at different locations
without the need for extensive cabling [16,21]. This capability not only reduces installation costs but
also simplifies the data acquisition process, making it easier to monitor large structures such as
bridges, dams, and buildings. The multiplexing of FBG sensors has been demonstrated in various
studies, showcasing their effectiveness in providing comprehensive monitoring solutions for
complex structures [22,23].

FBG sensors exhibit high sensitivity and accuracy, which are critical for applications requiring
precise measurements. For example, FBG sensors have been utilized to measure temperature and
pressure simultaneously in high-speed environments, such as supersonic ejectors, demonstrating
their capability to operate effectively under challenging conditions [11,17]. The high sensitivity of
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FBG sensors allows for the detection of minute changes in strain or temperature, making them
suitable for applications in aerospace, civil engineering, and environmental monitoring.

In addition to their technical advantages, FBG sensors are lightweight and compact, which is
particularly advantageous in applications where space and weight are critical factors. Their small size
allows for easy integration into various structures without adding significant bulk or weight, making
them ideal for use in aerospace applications, where every gram counts [18,24]. The lightweight nature
of FBG sensors also facilitates their installation in remote or difficult-to-access locations, expanding
their potential applications in monitoring systems.

Also, advancements in manufacturing techniques, such as additive manufacturing, have
enabled the development of customized FBG sensors tailored for specific applications. This
innovation allows for the creation of sensors with enhanced sensitivity or specific response
characteristics, further expanding the potential uses of FBG technology in distributed sensing [25,26].
The ability to design and fabricate specialized FBG sensors opens new avenues for research and
development, particularly in fields requiring high-performance sensing solutions. These applications,
advantages, and technical properties of DOFSS utilizing FBGs are summarized in Table 1.

Table 1. Applications, advantages, and technical properties of DOFSS using FBGs.

Applications Advantages Technical Properties
SHM Real-time data, damage detection Embedded in composites, spatial measurements
Temperature High sensitivity, accurate readings Reflects specific wavelengths, shifts with temperature
Pressure Precise measurements, challenging conditions Reflects specific wavelengths, shifts with pressure
General Immunity to EMI, lightweight, compact Optical signals, multiplexing capability

1.4. Aim and Objectives

The primary aim of this study is to evaluate the feasibility and benefits of deploying FBG based
DOFEFSS in future flight trials. The main objectives are:

e  Miniaturization and Packaging: To assess the feasibility of miniaturizing and packaging FBG
interrogation systems for aerospace applications.

e  Benefits of FBG Technology: To explore the advantages of FBG technology, including immunity
to electromagnetic interference, high sensitivity, and accuracy, in aerospace environments.

e  Challenges in Extreme Environments: To address the challenges associated with deploying
conventional interrogation systems in extreme aerospace conditions, such as temperature
fluctuations, vibration, and space constraints.

. Innovations in Photonic Devices: To discuss advancements in photonic devices, fabrication, and
packaging that facilitate the development of compact and robust FBG interrogation systems.

e Integrated Photonic Circuits: To propose potential designs for integrated photonic circuits in
FBG interrogation systems, emphasizing thermal stability and vibration resistance.

e Trade-offs in Miniaturization: To evaluate the trade-offs between miniaturization and
performance in integrated photonic circuits for FBG interrogation, considering factors like
sensitivity, resolution, and durability.

e  Future Research Directions: To outline future research directions aimed at enhancing the
sensitivity, resolution, and robustness of FBG interrogators while enabling miniaturization and
multifunctionality.

The remainder of this article is structured as follows: background of FBG technology and
distributed sensing. The article then examines potential systems and their components. Innovations
in photonic devices, fabrication, and packaging are explored. Potential designs for integrated
photonic circuits in FBG interrogation systems are proposed. A feasibility assessment is discussed,
along with future research directions.
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2. FBG-Based DOFSS

FBGs are optical sensors that consist of a periodic modulation of the refractive index along the
core of an optical fiber, reflecting specific wavelengths of light while transmitting others [27]. This
reflection occurs at the Bragg wavelength, which shifts in response to changes in strain, temperature,
or pressure, making FBGs highly effective for sensing applications. The spectral response of FBGs is
characterized by parameters such as reflectivity, bandwidth, and sidelobe intensity, which are
influenced by the grating length and index modulation. Apodization profiles, like Gaussian and sine,
can optimize these spectral characteristics by enhancing reflectivity and minimizing sidelobes [28].

The grating is made up of alternating regions of high and low refractive indices. The periodic
grating acts as a filter, reflecting a narrow wavelength range, centered about a peak wavelength. This
wavelength is known as the Bragg wavelength, As, and is given by [29],

Ag = 2n4, (1)

where 7 is the average refractive index of the grating, and A is the grating period. Any measurand
that has the ability to affect either the refractive index or the grating period can be measured using a
FBG as a sensor. The change in the measurand will correspond to a change in the Bragg wavelength
(AAs), given by,

n? 1ldn
Adg = g [8 (1 ) (P12 —v(p12 + P11)]) +4T (a * Ed_T)] @

These measurands typically include strain (&), change in temperature (AT), and pressure data;
however, with suitable transduction mechanisms a wide variety of other parameters can be
measured. The sensing principle is illustrated in Figure 3.
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Figure 3. FBG Sensor.

DOFSS based on FBGs are a promising technology in aerospace due to their unique advantages
[30,31]. Their intrinsic capability to encode mechanical and thermal measurands as shifts in the
reflected wavelength, combined with features such as electromagnetic interference immunity, small
form factor, and ease of multiplexing, make them particularly well suited for in situ SHM in aerospace
environments [32,33]. These features have led to the development of distributed sensor networks that
offer quasi-continuous spatial monitoring across composite materials and metallic structures,
enabling real-time detection of strain, temperature, displacement, and vibration—all critical
parameters for the safety and maintenance of aircraft and spacecraft [34,35].

In aerospace applications, FBG sensors are often embedded directly into load-bearing composite
components or integrated onto structural surfaces. For example, in aircraft wing structures, FBG
networks have been successfully employed during static load tests and in-flight monitoring to
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capture subtle strain distributions and detect incipient damage caused by fatigue or impact events
[34,36]. The distributed nature of these sensor arrays allows for multiple sensing points along a single
fiber, ensuring that even localized anomalies—such as the initiation of crack propagation or
delamination in composite laminates —are promptly identified. This capability is vital for mitigating
risks and reducing maintenance costs by pinpointing the location and nature of structural
deterioration [33].

The versatility of distributed FBG sensor networks is further demonstrated by their ability to be
embedded during the manufacturing processes of composite aerospace components. Such
integration not only minimizes the additional weight and complexity associated with conventional
sensor systems but also facilitates the real-time monitoring of both production-induced stresses and
in-service loads [37]. In addition, dual-parameter sensing approaches allow the decoupling of
thermal effects from mechanical strain, resulting in more robust SHM systems that enhance overall
vehicle safety and longevity [38,39].

3. Potential Systems

3.1. System Components

FBG interrogation systems are sophisticated assemblies that convert the spectral shift of FBGs
into measurable physical parameters. These systems are typically composed of three primary
components: the light source, the spectral detection unit, and the processing unit. Figure 4

Sensing FBG
(a) g

(b)

LS \
OoC

pD -/

Figure 4. FBG sensor interrogation systems: (a) an integrated interrogation system, show with 4 parallel
channels; (b) a fundamental schematic with a light source (LS), optical circuitry (OC), and photodetector (PD),

with 3 series multiplexed sensors.

A key element in any FBG interrogation system is the light source. It must provide a stable and
broadband —or alternatively tunable —optical output suitable for probing the spectral characteristics
of the FBG sensors. Broadband sources, such as amplified spontaneous emission (ASE) devices or
superluminescent diodes (SLDs), offer the advantage of covering a wide spectral range without the
need for mechanical tuning, simplifying the system design for quasi-distributed sensing [40,41].
Conversely, tunable laser sources—including vertical cavity surface emitting lasers (VCSELs) and
narrow-linewidth tunable erbium-doped fiber ring lasers—provide the high spectral resolution and
dynamic range necessary for applications demanding precise wavelength tracking. These tunable
systems facilitate techniques such as time-division multiplexing (TDM) by scanning across a
wavelength range and have been successfully demonstrated in dynamic strain measurements [42,43].

The spectral detection unit is responsible for resolving the wavelength shifts induced by
environmental or mechanical changes at the FBG sensor. This module typically consists of
spectrometers, photodiode arrays, or optoelectronic detectors integrated with optical filters, such as
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edge filters or Fabry—Perot interferometers. In many systems, the detection scheme is designed to
translate small shifts in the Bragg wavelength—encoded in the reflected optical spectrum—into
electrical signals with high sensitivity and low noise [44]. Advanced configurations utilize
interferometric or radio frequency (RF) detection methods; for example, systems employing RF
spectrum analyzers detect beat frequencies corresponding to the spectral shifts, thereby ensuring
high-resolution measurement even under rapidly changing conditions [45]. Furthermore, the
adoption of innovative optical techniques such as frequency combs and dual-optical frequency comb
demodulation schemes has demonstrated enhanced dynamic range and robustness [46].

The processing unit plays a crucial role in converting the raw optical data into useful information
regarding the sensed parameters. After spectral detection, the acquired data are digitized and
subjected to advanced algorithms to accurately track the Bragg wavelength shifts [46,47]. Field-
programmable gate arrays (FPGAs) and digital signal processors (DSPs) are commonly employed to
perform real-time signal processing and implement compensation algorithms (including linearity
optimization of the demodulation circuitry) so that even minor shifts can be reliably correlated to
physical changes [47,48]. This digital processing capability is essential for maintaining system
accuracy under varying environmental conditions, ensuring that the final output is both precise and
robust for structural health monitoring or other high-performance sensing applications.

3.2. System Challenges

FBG interrogation systems in aerospace applications must operate reliably despite severe
environmental challenges. Extreme temperature fluctuations, high vibration levels, and limited
available space can adversely affect the performance of key components such as light sources,
spectral detection units, and processing electronics.

Temperature fluctuations in aerospace vehicles induce thermal expansion and contraction in
optical components, leading to wavelength drifts and instability in laser and broadband light sources.
For instance, tunable laser sources and SLDs need precise thermal management because even slight
temperature deviations can shift the Bragg wavelength detection windows, thereby compromising
strain or temperature measurement accuracy [49]. Moreover, these thermal variations can alter the
responsivity of photodetectors in the spectral detection unit, requiring additional calibration and
compensation strategies to maintain sensor fidelity [50].

Vibrations present another significant challenge. Aerospace vehicles experience dynamic
mechanical stresses during launch, flight maneuvers, and landing. Such vibrations can perturb the
optical alignment within spectrometers and fiber couplings, reducing the signal-to-noise ratio by
introducing mechanical noise and misalignment factors [50]. When these effects propagate through
the optical path, they may generate spurious signals or baseline drifts in the sensor output, thereby
degrading the overall system performance.

Space constraints in aerospace further complicate the design of FBG interrogation systems. The
limited volume and strict weight budgets necessitate the miniaturization of optical components and
electronics without sacrificing performance. Miniaturized systems must integrate light sources,
detectors, and processing units into a compact package, often leading to trade-offs between
performance, robustness, and power consumption [49]. This demand for highly integrated
components drives the need for innovative packaging and system architecture that can endure the
challenging aerospace operating conditions.

The solid-state nature of photonics provides a crucial advantage in addressing these challenges.
Solid state devices—such as semiconductor lasers, photodiodes, and integrated photonic circuits on
platforms like silicon photonics —do not rely on mechanical moving parts; thus, they offer inherent
robustness against vibrations and shocks [51]. This intrinsic ruggedness minimizes misalignment
issues and reduces the risk of fatigue or component failure under severe vibrational loads.
Additionally, the high degree of integration afforded by solid state photonics enables significant
reductions in system footprint and weight. Compact, monolithic packaging improves thermal
management by facilitating efficient heat dissipation and allows the interrogation unit to maintain


https://doi.org/10.20944/preprints202503.0993.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 March 2025

high performance despite the confined spaces typical in aerospace designs [50]. Furthermore, solid
state processing units—often implemented on FPGAs or ASICs—exhibit a wide operating
temperature range and enhanced resistance to environmental noise, ensuring consistently accurate
and rapid signal processing even under extreme conditions [49].

4, Innovations

4.1. Photonic Devices

Advances in photonic integration have been significant for light-source design and spectral
detection systems. In particular, the integration of tunable lasers and broadband sources onto chip-
scale platforms has resulted in compact, robust, and versatile systems capable of meeting the
stringent demands of spectroscopy, optical communications, sensing, and imaging.

One major research direction has promoted the integration of tunable lasers across various
material platforms. Hybrid integration strategies—such as the incorporation of Semiconductor
Optical Amplifiers (SOA) with low-loss silicon nitride (SN) or indium phosphide (InP) waveguides—
have enabled extended-cavity laser architectures with wide tuning ranges and ultra-narrow
linewidths [52,53]. Monolithic integration approaches, including the demonstration of an erbium-
doped tunable laser on a CMOS-compatible silicon photonics platform [54] and heterogeneously
integrated quantum dot lasers exhibiting tunable ranges [55], have further consolidated on-chip laser
sources for spectroscopic applications. Novel laser concepts, such as topological interface-state lasing
in polymer—cholesteric liquid crystal superlattices [56] and nanophotonic crystal structures [57], have
provided devices with robustness against perturbations while achieving dynamic spectral control.
Other innovative architectures—including optofluidic distributed feedback dye lasers [58,59] and
mechanically reconfigurable photonic MEMS devices [60,61] —have introduced additional degrees of
freedom in wavelength tuning while reducing thermal dissipation and power consumption.

Quantum well Ring
SOA MI resonator

Figure 5. Silicon photonic based tunable laser [62]. (Creative Commons).

Significant progress has been made in producing integrated broadband sources [63,64].
Broadband emission is crucial for applications such as hyperspectral imaging and wavelength
multiplexing. Supercontinuum generation via cascaded nonlinear interactions in photonic crystal
fibers has been long established as a means of covering broad spectral ranges [65,66]. Recent work on
on-chip nonlinear optics takes this further by exploiting four-wave mixing and stimulated Brillouin
scattering in platforms such as silicon or chalcogenide glass waveguides to generate emission spanning
visible to mid-infrared wavelengths [67-69]. Chip-scale broadband sources based on supercontinuum
generation have been integrated with waveguide circuits for in situ spectroscopic detection [70] and have
been combined with discrete tunable laser elements to enable dual-spectrum operation [71].

Photonic integration has extended into spectral detection. State-of-the-art optical spectrum
analyzers (OSAs) realized on silicon or silicon nitride platforms incorporate dispersive elements (e.g.,
arrayed waveguide gratings and interferometric filters) and photodetectors in a compact format [72].
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Such devices benefit from low-cost CMOS-compatible fabrication processes and can be directly
integrated with broadband sources or tunable lasers to enable high-resolution, real-time
spectroscopy. In addition, tunable laser sources integrated on chip have been exploited for rapid
wavelength scanning in spectroscopic sensing applications, which is vital for techniques including
Fourier-domain mode locking [73] and quantum cascade laser-based microspectroscopy [74].
Frequency—-conversion mechanisms (such as engineered Raman lasing in chalcogenide
microresonators [75] and second-harmonic generation in hybrid plasmonic waveguides [76]) further
augment the spectral reach of these integrated systems.

Input Cutput1
— _ —
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Figure 6. Silicon photonic based optical spectrum analyzer based on optical filters [77]. (Creative Commons).

Together, these developments are converging toward fully integrated photonic systems that
combine tunable lasers, broadband sources, and spectral detection elements on a single chip.
Advances in materials—ranging from traditional III-V semiconductors and silicon to emerging
quantum dots, organic semiconductors, and two-dimensional materials [78-81] —are continuously
broadening the optical functionality and operational bandwidth of these devices. As integration
challenges such as thermal management, wavelength stability, and efficient light coupling are
progressively overcome, the resulting miniaturized spectroscopic platforms promise to impact a
variety of application areas, including biomedical diagnostics, environmental monitoring, and high-
speed optical communications [70,72,82].

4.2. Fabrication and Packaging

Recent progress in the fabrication and packaging of photonic integrated circuits (PICs) has
substantially transformed the way optical functionalities are realized on chip-scale platforms.
Advances in these areas have focused on both the refinement of material deposition and etching
techniques for fabricating high-performance devices, as well as on the development of novel
packaging methods that enable the reliable integration of active and passive photonic components.

The advent of hybrid integration methods that leverage thin glass platform technologies to
merge traditionally disparate components—for example, vertical-cavity surface-emitting lasers,
edge-emitting laser diodes, and photodetectors—onto a common substrate [83]. The thin glass
platform not only provides an excellent optical interface but also promotes better alignment tolerance
and reduced optical losses, essential for sophisticated photonic systems. Simultaneously,
improvements in conventional microfabrication processes, such as room-temperature deposition of
dielectrics and superconducting films, have been implemented to produce low-loss waveguides and
robust functional layers necessary for integrated photonics [84]. These approaches facilitate the
fabrication of components with higher performance and reliability, critical for multichannel and
multiplexed applications.

Also, significant progress has been made in photonic packaging techniques that go beyond the
chip itself to address system-level challenges. The packaging of PICs is evolving toward methods that
integrate optical, electrical, and thermal functionalities into a single module. For instance, techniques
involving face-to-face solder reflow bonding and three-dimensional (3-D) integration have been
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developed to combine photonic and electronic circuits, ensuring not only effective optical coupling
but also low-resistance electrical interconnects and efficient thermal dissipation [85,86]. Thermal
management, in particular, remains a crucial issue for sensitive photonic devices such as ring
resonators and modulators. Innovative strategies like substrate-integrated micro-thermoelectric
coolers have been proposed and demonstrated to locally counteract temperature fluctuations,
thereby stabilizing device operation and enhancing overall system performance [87].

The integration of many diverse components into a single monolithic platform is another area
of rapid advancement. An illustrative example is provided by the work on all-silicon interferometric
circuits that incorporate both active light sources and passive filtering elements. Such systems
illustrate the potential for lab-on-a-chip devices where disparate optical functions are seamlessly
integrated to achieve high spectral resolution and multifunctional operation [88]. This level of
integration is fundamental for pursuing applications in optical communications, sensing, and on-
chip spectroscopy, where space, performance, and power consumption are all at a premium.

Collectively, these developments highlight the joint nature of advancements in both fabrication
and packaging. The integration strategies —whether through the use of novel hybrid materials, low-
temperature deposition techniques, or advanced bonding and thermo-mechanical designs—address
the multifaceted challenges of aligning, interconnecting, and thermally stabilizing photonic
components. As these approaches continue to mature, they promise to further shrink device
footprints and enhance the functionality of photonic circuits, paving the way for more robust,
scalable, and versatile photonic systems.

5. Proposed Designs

5.1. Interrogator

PICs have been effectively utilized in FBG interrogation systems, with numerous studies
demonstrating significant advancements in integrating both light sources and detectors onto a single
chip. Recent work in silicon photonics has shown that leveraging CMOS compatible fabrication
techniques allows researchers to embed not only passive optical components but also active ones —
such as tunable lasers and photodetectors —within a compact photonic platform [89,90].

For instance, Zhang et al. [89] provided valuable insights into the development of on-chip silicon
photonic integration for FBG interrogators that incorporate algorithms for self-adapting threshold
peak detection. This integration reduces overall system complexity and physical footprint while
maintaining high interrogation accuracy. Complementing this, Quéléne et al. [90] demonstrated a
tunable hybrid III-V-on-silicon laser specifically tailored for the spectral characterization of FBG
sensors, showcasing how direct integration of a laser source onto a silicon platform not only enhances
spectral performance but also significantly reduces the size and cost of the interrogation system.

Marin et al. [91] presented a broader overview of current trends in the field, outlining the
evolution of photonic-integrated FBG interrogators. Their review indicates that while some
integrated solutions have traditionally incorporated only passive spectral filtering and detection
circuitry, modern efforts are increasingly focused on the monolithic integration of both light sources
and detectors. Recent demonstrations on the silicon-on-insulator (SOI) platform have featured active
phase demodulation techniques coupled with unbalanced Mach-Zehnder interferometers for
efficiently converting Bragg wavelength shifts into electrical signals [92].

Elaskar et al. [93] reported on ultracompact designs utilizing microinterferometer-based FBG
interrogators on silicon chips. Their research successfully integrated grating couplers, both active and
passive interferometers, a multi-channel wavelength-division-multiplexing filter, and Germanium
photodetectors, culminating in a fully integrated FBG interrogation scheme. Additionally, Li et al.
[94] expanded the applications of integrated photonic interrogation to wearable platforms by
incorporating all necessary optical components—including the light source—onto a single photonic
chip, thereby creating a miniaturized, low-power interrogator capable of continuously monitoring
physiological signals in a wristband format.
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Approaches such as planar lightwave circuit (PLC)-based arrayed waveguide grating (AWG)
designs for FBG interrogation illustrate the versatility and scalability of integrated photonics in this
domain [95]. These various approaches collectively enhance the reduction of system cost, weight, and
power consumption while ensuring fast, accurate, and multiplexed interrogation of FBG sensors.

5.1.1. Spectral Receiver Detection

The first FBG interrogation system designed, as illustrated in Figure 7, utilizes a silicon photonic
light source comprising an on-chip LED and SOA. This system integrates an on-chip OSA made up
of an array of tunable filters. The setup connects to an off-chip optical fiber containing the sensing
FBGs via a simple con-chip coupler. This design represents a standard FBG interrogation system
based on an OSA, miniaturized and integrated into a single photonic chip, providing a compact and
efficient solution for various sensing applications.

Coupler Light Source

e = 1= =

Optical

oo N |
= D00000

Optical Spectrum Analyzer

1]

Silicon Photonic Chip

Figure 7. FBG sensor interrogation design utilizing an on-chip OSA with a broadband light source.

5.1.2. Spectral Source Detection

The second FBG interrogation system, depicted in Figure 8, employs an alternative arrangement
where the spectral shift (wavelength change) is achieved via the optical source. This system utilizes
a tunable laser, which consists of an on-chip SOA, a Distributed Bragg Reflector (DBR), and the
necessary ring resonator and Mach-Zehnder (MZ) interferometer. Similar to the first design, this
setup connects to the off-chip FBGs through an on-chip coupler. The other ports of the coupler are
connected to a pair of matched photodetectors, allowing for the monitoring of the laser's output
power. This configuration also supports a non-spectral sensing modality based on power detection,
which is particularly useful for applications requiring high interrogation frequencies.

Tunable Laser C}]ﬂ]} Silicon Photonic Chip-
m Optical
f Interface

PR ; )
— PD Sensors

3 3

— PD

Figure 8. FBG sensor interrogation design utilizing an on-chip tunable laser with a pair of matched

photodetector.
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5.2. Thermal Stability and Vibration Resistance

The intrinsic sensitivity of PICs to environmental factors makes the achievement of thermal
stability and vibration resistance a crucial design criterion for FBG interrogators. A number of
complementary strategies have been implemented and are under active investigation to overcome
these challenges.

One primary strategy for enhancing thermal stability is the active compensation of temperature
fluctuations. For instance, the use of dual-heater control techniques enables the simultaneous
stabilization and tunability of narrowband FBG elements. In these implementations, complementary
heating elements are integrated into the photonic circuit so that any temperature-induced
wavelength drift is actively counteracted, thereby maintaining the spectral integrity of the
interrogator [96]. A related approach involves temperature-independent demodulation schemes
using pulse-width modulation, which exploit design architectures that minimize the temperature
sensitivity of the demodulation process [97]. Furthermore, the incorporation of functionally graded
materials (FGMs) into the packaging of photonic circuits has been proposed to mitigate thermal
gradients. FGMs offer a continuous transition in thermal properties within the packaging material,
thereby reducing stress and enhancing overall thermal stability [98].

In parallel with thermal management, considerable effort has been devoted to reducing the
deleterious effects of mechanical vibration. One effective strategy has been the engineering of
photonic packaging structures to achieve high stiffness and intrinsic damping. Chiral metamaterial
assemblies have been designed to deliver both high stiffness and considerable damping over low-
frequency ranges, making them attractive for integrated packages exposed to mechanical vibrations
[99]. Beyond material choices and active control methods, passive stabilization of optical elements
within the photonic circuits also plays a key role. Integrated interferometric elements used in FBG
interrogation systems are often designed with inherent structural stability to ensure their optical path
lengths remain relatively insensitive to mechanical vibrations. Studies employing linear variable
filters within FBG sensor interrogators have emphasized the importance of designing compact and
mechanically robust modules, particularly in applications where size, weight, and vibration
resistance are critical [100,101]. In these systems, passive stabilization techniques complement active
thermal control to maintain high interrogation accuracy even under dynamic loading conditions.

6. Discussion

6.1. Feasibility Assessment

Recent advances in PICs have made it technically feasible to design FBG interrogators that
combine high speed with high sensitivity. In several recent studies, researchers have demonstrated
that critical functionalities —such as on-chip light sources, high-speed photodetectors, and precise
spectral filters —can be monolithically integrated using heterogeneous processes, primarily on silicon
platforms. For example, Li et al. [102] have shown a chip-scale demonstration of hybrid III-V/silicon
photonic integration where the light source and photodetector are combined with passive filtering
elements, thereby enabling FBG interrogation with reduced footprint and improved signal integrity.

In the context of sensitivity, state-of-the-art designs have pushed the boundaries of wavelength
resolution. Zhuang et al.[103] provide an example with an on-chip FBG interrogator capable of sub-
picometer continuous wavelength tracking, which is integral to detecting the minute spectral shifts
caused by environmental changes such as strain or temperature variations. Furthermore, active phase
demodulation methods implemented on silicon photonic platforms, as demonstrated by Marin et al.
[92], have further enhanced the ability to monitor such small spectral changes with high accuracy,
supporting applications that demand both high sensitivity and rapid response.

Complementary interrogation strategies, such as those based on microwave photonic filtering
and wavelength-to-time mapping [104], have also been successfully demonstrated. These techniques
enable the translation of optical spectral shifts induced by the FBGs into electrical signals with high
speed, thus overcoming the speed limitations inherent in many conventional benchtop systems. In


https://doi.org/10.20944/preprints202503.0993.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 March 2025 d0i:10.20944/preprints202503.0993.v1

13 of 22

addition, AWG approaches for multiplexed FBG interrogation Marrazzo et al. [105] have
demonstrated the potential for simultaneous multi-channel sensing with low crosstalk, thereby
supporting high-capacity applications in structural health monitoring and aerospace.

A review of the current status and future trends emphasizes that many of these integrated
devices are already moving from the laboratory to practical applications [91]. On the horizon,
projected advancements—such as further refinement of heterogeneous integration techniques, low-
loss silicon nitride waveguides, and improved on-chip packaging strategies —are expected to further
enhance both the speed and sensitivity of FBG interrogators. Ultimately, the convergence of these
components, along with developments in digital signal processing and CMOS compatibility,
suggests that fully integrated, high-speed, and highly sensitive FBG interrogators are not only
feasible with current technology but will continue to improve as new materials and fabrication
methodologies mature.

6.2. Trade-Offs

Miniaturization in integrated photonic circuits for FB) interrogation offers the significant
benefits of reduced footprint, lower power consumption, and potential cost savings. However, as the
dimensions of key components such as AWG), interferometers, and photodetectors shrink, trade-offs
emerge in terms of sensitivity, resolution, and durability.

A primary concern lies in sensitivity. In chip-scale devices, the reduction of optical path lengths
and active interaction volumes can limit the effective signal strength and signal-to-noise ratio. For
example, Li et al. [102] demonstrated a hybrid III-V/silicon photonic integrated FBG interrogator that,
while compact, faces inherent challenges in maintaining high sensitivity due to the reduced cavity
dimensions that limit the necessary optical integration for resolving very small wavelength shifts. In
a similar vein, Falak et al. [106] reported on a low-cost FBG interrogation system utilizing a
femtosecond laser-written scattering chip, where the miniaturization process involves a trade-off
between achieving a compact design and ensuring that the small interaction volumes do not
compromise the detection of fine spectral variations.

Resolution is equally affected by miniaturization. High spectral resolution typically requires
long optical paths to create sufficient dispersion or interference for precise wavelength
discrimination. In integrated platforms, the limited physical separation available in AWG or
interferometric structures can restrict the achievable resolution. Marin et al. [92] addressed this issue
by implementing active phase demodulation on a silicon photonic platform to enhance wavelength
discrimination despite the small device footprint. However, such measures often increase the
complexity of the device and may not fully compensate for the resolution loss that is intrinsic to a
miniaturized design. Furthermore, Li et al. [107] and Marin et al. [51] demonstrated that while
monolithic integration can enable multiplexing to interrogate numerous FBG sensors simultaneously,
the closeness of waveguide channels can lead to increased optical crosstalk and limit the spectral
bandwidth over which high resolution is maintained.

Durability and long-term stability form a third critical dimension of the trade-off landscape.
Miniaturized photonic circuits are inherently more susceptible to environmental perturbations.
Thermal fluctuations and mechanical vibrations, which are less problematic in larger, more massive
systems, have an amplified effect on small-scale structures. Marin et al. [91] emphasized that robust
packaging and sophisticated thermal management strategies become essential to preserve the
performance of integrated FBG interrogators under harsh or variable conditions. Similarly, Trita et
al. [108] demonstrated that while AWG-based compact interrogators are attractive for their size and
integration capabilities, they require careful calibration and resilient packaging to counteract thermal
drift and mechanical stress, aspects that can affect both sensitivity and resolution over the long term.

Recent approaches aimed at pushing the performance boundaries of miniaturized systems also
highlight additional trade-offs. For instance, Xu et al. [109] exploited dispersion-engineered photonic
molecules to break the resolution-bandwidth limit in chip-scale spectrometry, achieving high
spectral resolution within a limited footprint. However, this technique introduces increased
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fabrication complexity and potential reliability issues. Similarly, Zhang et al. [110] demonstrated a
single-shot on-chip diffractive speckle spectrometer with extremely high spectral channel density,
yet the compact nature of the device necessitates very tight fabrication tolerances and can make it
more vulnerable to performance degradation due to slight manufacturing variations or
environmental stresses.

6.3. Future and Further Research

Future research on integrated photonic circuit-based FBG interrogators is expected to focus on
several key areas that promise to enhance sensitivity, resolution, and robustness while enabling
miniaturization and multifunctionality.

A major area of investigation involves advanced materials and novel fabrication techniques.
Recent work on lightweight three-dimensional graphene metamaterials with tunable negative
thermal expansion demonstrates the potential for regulating internal stress and improving structural
stability under thermomechanical coupling [111]. In the context of integrated photonic circuits, such
metamaterials may be exploited to alleviate thermal mismatches and reduce temperature-induced
drift in FBG interrogators. Similarly, incorporating two-dimensional materials such as PtSe, via
selective and conformal deposition offers the potential to improve device durability and commercial
compatibility with low-temperature processing [112]. Additionally, research into self-healing
polymer networks and photonic vitrimer elastomers is emerging as a promising approach to enhance
long-term reliability by providing intrinsic recovery from mechanical or environmental damage,
which is critical for applications in harsh environments [113].

Another promising research axis is the development of novel interrogation architectures and
signal processing methodologies. Recent demonstrations of compact high-resolution FBG strain
interrogators using laser-written 3D scattering structures indicate that advanced fabrication
techniques can reduce device footprint while maintaining high resolution [114]. Concomitantly, the
application of machine learning approaches—for instance, CNN-based autoencoder schemes for
multipeak wavelength detection of overlapped FBG signals—points toward data-driven
interrogation strategies that can enhance both the dynamic range and the noise tolerance of the
system [115]. Furthermore, on-chip integration of temperature sensors using InP-based p—i—n diodes
and the incorporation of quantum-based photonic sensors are expected to enable real-time
compensation for environmental fluctuations while providing ultra-narrow linewidths required for
enhanced sensitivity [116,117].

Also, the integration of these interrogators into multifunctional sensor networks and their
deployment in extreme environments are gaining considerable attention. Miniaturized FBG
interrogator platforms designed for nano-satellite structural health monitoring suggest that future
research will extend to aerospace and nuclear applications where high-speed dynamic measurements
under severe thermal and vibrational conditions are mandatory [118]. Further exploration of
distributed sensing architectures that incorporate wavelength-division multiplexing techniques and
sensor fusion methods is anticipated to lead to robust, scalable networks capable of simultaneous
strain, temperature, and pressure measurement, thereby broadening the application spectrum of
FBG-based optical sensors.

The coupling of advanced signal processing with novel photonic integration is expected to drive
future advances. By combining low-noise, narrow-linewidth integrated lasers with adaptive real-
time digital processing, future interrogators could achieve unprecedented resolution while
mitigating cross-sensitivities among multiple physical parameters [119,120]. Research efforts in this
direction are likely to synthesize machine learning-assisted calibration algorithms with integrated
photonic circuit designs, ultimately paving the way for multi-parameter sensor fusion systems that
are both compact and energy-efficient [121].

Together, these research directions —spanning advanced materials, innovative fabrication, novel
interrogation architectures, and integration into multifunctional networks—are set to overcome
current limits in sensitivity, durability, and environmental resilience, thereby enabling next-
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generation FBG interrogators suitable for applications in the structural health evaluation of aerospace
vehicles and systems.

7. Conclusions

In conclusion, this article has explored the potential for miniaturizing and packaging FBG-based
DOESS for aerospace flight trials, highlighting their significance for real-time, high-speed sensing in
hypersonic vehicles and the limitations of conventional systems in extreme aerospace environments.
Research indicates that FBG technology offers unique advantages, such as immunity to
electromagnetic interference, high sensitivity, and multiplexing capabilities for distributed sensing.
Advancements in photonic devices, fabrication, and packaging have enabled the development of
compact and robust FBG interrogation systems, with integrated photonic circuits showing great
promise for miniaturization. Thermal stability and vibration resistance are crucial design
considerations, and ongoing research into advanced materials, novel interrogation architectures, and
signal processing methodologies aim to enhance overall system performance. Future research
directions include the use of advanced materials like graphene metamaterials and self-healing
polymers, the development of novel interrogation architectures, and the integration of FBG
interrogators into multifunctional sensor networks. Continued innovation in materials, fabrication,
and integration strategies will further enhance the speed and sensitivity of FBG interrogators. The
convergence of these components, along with developments in digital signal processing and CMOS
compatibility, suggests that fully integrated, high-speed, and highly sensitive FBG interrogators are
feasible with current technology and will continue to improve. The development of miniaturized and
robust FBG-based DOFSS has significant implications for the future of aerospace sensor technology,
providing real-time, high-speed sensing for structural health monitoring, temperature measurement,
and pressure sensing, which are critical for the safety and performance of aircraft and spacecraft.
Continued research and development efforts are essential to address the remaining challenges in
miniaturization, thermal stability, and vibration resistance. Collaboration between researchers,
industry partners, and government agencies is crucial to accelerate the translation of these
technologies from the laboratory to practical applications. By working together, we can unlock the
full potential of FBG-based DOFSS and enable a new generation of aerospace vehicles and systems
that are safer, more efficient, and more reliable.
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