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Abstract Integrated optical ber sensing and communication (IOFSAC ) represents a groundbreaking approach in ber-optic techn olo-
gies, merging data transmission with environmental monito ring to optimize infrastructure utilization and enhance ne twork reliability,
surveillance, and disaster resilience. This paradigm inte grates sensing and communication through diverse methods, such as distributed
acoustic sensing (DAS) based on backward Rayleigh scatteri ng for high-resolution strain and vibration detection, for ward-transmission
based optical phase sensing for precise long-distance vibr ation sensing and localization, and state of polarization ( SOP) sensing for
rapid, cost-e ective disturbance monitoring with relaxed laser requirements. In this paper, we synthesize the theore tical foundations
of these techniques, recent technical innovations, and the ir integration with modern coherent and intensity modulati on direct detection
(IMDD) communication systems, covering multiplexing sche mes, nonlinear impairment mitigation, and hardware-shari ng architectures.
Furthermore, we compare the respective strengths and limit ations of DAS, phase, and SOP sensing, and highlight emergin g hybrid and
passive optical network (PON)-based IOFSAC schemes. Final ly, we outline future directions toward scalable, multi-mo dal, and resilient

ber-optic networks.
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1 Introduction

Since Charles K. Kao proposed the potential of dielectric ber waveuides for optical transmission in 1966 [1], optical
ber communication has experienced remarkable advancements. dday, gigabit broadband ber optic networks
have become commonplace in thousands of households. Parallel thig, optical ber sensing technology emerged
almost simultaneously with the invention of optical ber, utilizing the s ensitive characteristics of optical ber
itself to detect external physical parameters. In recent yearsas ber optic infrastructure construction becomes
more mature and complete and the applications of optical networksmove towards multiple scenarios, the need
to optimize the utilization of existing ber-optic infrastructure bec omes increasingly prominent. Researchers have
begun exploring the integration of optical ber sensing and commurication into a single system. The concept of
integrated optical ber sensing and communication (IOFSAC) has been proposed to enable optical ber networks
that support both high-speed data transmission and real-time enronmental monitoring [2]. IOFSAC leverages the
intrinsic properties of optical bers to function concurrently as e cient data channels and distributed sensors, which
can not only greatly increase the economic bene ts of ber optic infastructures but also enable the self-monitoring
of the optical ber networks while tackling critical challenges in stru ctural integrity assessment [3], intelligent tra ¢
surveillance [4], and seismic event detection [5]. By recon guring optial bers into multifunctional platforms,
IOFSAC addresses the growing demand for versatile networks thacan support simultaneous communication and
sensing without compromising performance in either domain.

The cornerstone sensing technology for realizing IOFSAC is distribted optical ber sensing (DOFS), which har-
nesses backscattered light to detect environmental parametsrsuch as strain, temperature, and vibrations, o ering
remarkable spatial resolution over vast distances. Its signi cane lies in transforming optical bers into distributed
sensor arrays, capable of monitoring environmental disturbance with unparalleled detail. Within the context of
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IOFSAC, Rayleigh backscattering based distributed acoustic seriag (DAS) has garnered widespread attention due
to its exceptional sensitivity, high spatial resolution, real-time dynamic sensing, and straightforward system archi-
tecture. DAS employs light pulses to interrogate the sensing ber. The high peak-to-average power ratio (PAPR)
characteristic of DAS probes may induce nonlinear e ects, such a&err-driven modulation, that degrade commu-
nication quality [6,7]. Recent studies further suggest that multicore- ber-based hybrid multiplexing architectures
can simultaneously improve communication capacity, sensing sensitity, and deployment practicality, especially
when combined with spatial division multiplexing (SDM), dense wavelengh division multiplexing (DWDM), and
co-wavelength-channel integration strategies [8,9]. However,llathese methods consume the resources originally
reserved for optical communications. Moreover, upgrades or nd cations of the existing ber infrastructure are
required. The complexity of the system increases accordingly, antherefore the overall cost of ber networks also
increases. Integrated DAS and communication systems face thehallenge of limited sensing or link monitoring
range as well, primarily due to the weak Rayleigh signal strength and islators in inline erbium-doped ber am-
pli ers (EDFAS) that block backward Rayleigh scattering signals. While techniques such as Raman pumping [10]
and bidirectional EDFA structures [11] can extend DAS reach, they often necessitate substantial modi cations to
existing transmission networks, presenting practical challengesof large-scale deployment.

Another mainstream technical approach for achieving IOFSAC is toemploy forward transmission-based sensing
schemes that address the constraints faced by integrated DASral communication systems by exploiting optical
parametric changes, e.g., optical phase and state of polarizationSOP) of continuously transmitted light waves
to detect environmental disturbances. EDFAs can be used in fonard transmission systems to compensate for the
signal loss, allowing for e ective monitoring over vast ber spans. This approach is particularly attractive for passive
optical network (PON)-based IOFSAC, where the large insertion Iass caused by high split ratios poses signi cant
challenges [12]. Compared with backscattering-based schemesnf@ard sensing generally bene ts from a higher
signal-to-noise ratio (SNR), making it more robust and better suited to such high-loss networks [13]. Furthermore,
communication digital signal processing (DSP) modules are capablefcextracting sensing information directly
from transmitted optical signals. This capability facilitates the seamless integration of sensing functionalities into
existing optical networks, obviating the need for substantial mod cations to the ber infrastructure or network
architecture [14]. Consequently, the impact on communication perdrmance is minimized, fostering a harmonious
coexistence of sensing and communication.

However, forward transmission-based IOFSAC still faces signi cat challenges, most notably its inferior spatial
resolution compared to DAS. This technique typically locates exterral events by analyzing the time delay of sensing
signals extracted from the phase or SOP of bidirectional light beams Although these forward-transmitted signals
generally exhibit a high SNR, the localization accuracy is fundamentallyin uenced by the bandwidth of the external
perturbations. Theoretically, a richer frequency content yields anarrower main peak after correlation processing,
enabling higher precision. Since real-world sensing events are typilty low frequency, they lack the rich spectral
content required to generate narrow correlation peaks. This badwidth limitation restricts spatial resolution to
the order of hundreds of meters to kilometers [15, 16]. Beyond redution limits, there is a trade-o between
implementation cost and sensitivity. Forward transmission-based ptical phase sensing (FT-OPS) imposes stringent
requirements on laser stability to prevent vibration signals from beirg obscured by laser phase noise. To relax the
dependence on expensive narrow-linewidth lasers, it is often neay to modify the system architecture or introduce
additional signal processing strategies to compensate for lasehpse noise and isolate the phase uctuations induced
by external perturbations, as exemplied by carrier phase noise etrieval in bidirectional coherent transmission
systems [17]. Ultra-stable lasers, characterized by extended celence lengths, have been demonstrated to facilitate
long-distance submarine seismic monitoring by treating entire ber links as uni ed sensors [18]. But the high cost
of narrow linewidth laser (NLL) poses a barrier to widespread adopiton. Consequently, forward transmission-based
SOP sensing (FT-SOPS) has emerged as a cost-e ective alternay since polarization information can in many
cases be extracted from coherent receivers with limited additionahardware and DSP overhead [19]. It relaxes the
linewidth requirements and can be implemented in various architectues, from intensity-modulated systems using
polarimeters [20] or simplied Stokes parameter measurements [222], to coherent systems extracting rotation
information from equalizer coe cients [23{25]. Despite this versatilit y, it must be noted that FT-SOPS inherently
exhibits lower sensitivity than FT-OPS. This is because phase sensindirectly captures changes in ber strain and
refractive index, whereas SOP sensing relies on the relatively weakegariations in ber birefringence.

In summary, current IOFSAC integration schemes fall into two distinct categories, as illustrated in Figure 1:
backscattering-based approaches (typically DAS) and forward tansmission-based methods utilizing phase or polar-
ization analysis of pilots and data signals. These technologies form aysergistic toolkit for integrated sensing and
communication. DAS provides high spatial resolution (meter-scale)for short-reach applications, whereas optical
phase sensing compensates for DAS's range limitations by enabling viftion monitoring over ultra-long-haul links



LuL W , etal Sci China Inf Sci June 2026, Vol. 69, Iss. 6, 160301:3

’ ’ Seismic detection N p4 “ Aerial fiber monitoring b S, K i Traffic monitoring = S +”" Vibration detection S\
/
[18][24] [25]

= =4

Optical ﬁbi\
= i

( —
Undersea earthquake N

________________

/ 5 y (b) IMDD based IOFSAC receiver (d)
P
C__—m | : o
S IOFSAC Tx with WDM/FDM [16s) Polarimeter |~ Sensing /& WSS
Circulato ‘ ‘ [ ‘ ‘ e 4 g%
n-bant
A A DA A S PD - =
| ! ' Out-of-band -._ ) 122 )
SRR o PD - [\
| 17,26,34] E psp | pp 22T Coupler
g [71] ,
. 1[2021] Coherent IOFSAC receiver (e)
OSC WDM LDSP ICR
/]) DAS receiver for [OFSAC (© FIhSasle6] @ ‘ =
| > y
g "
— soaa| |/
SR T soove| |l
AHHT

DAS-based sensing

Forward-transmission-based sensing

Figure 1 (Color online) Integrated optical ber sensing and communi cation systems. (a) Applications and (b) architectures of | OFSAC;
(c) DAS receiver; (d) intensity-modulation direct-detect ion (IMDD) based IOFSAC receiver; (e) coherent IOFSAC recei ver. WSS: wavelength
selective switch; ICR: integrated coherent receiver; OSC: optical supervisory channel; PD: photodetector.

exceeding 100 km. Additionally, SOP sensing contributes to rapid temoral responsiveness, e ectively agging
disturbances before other modalities [26]. Future implementations W likely favor hybrid architectures that lever-
age these complementary strengths|such as combining SOP-basg triggering with targeted DAS interrogation|to
optimize resource e ciency and detection performance [27,28].

This paper traces the evolution of these technologies, synthesizintheir theoretical underpinnings, technical
innovations, and practical challenges. By highlighting solutions suclas bidirectional designs, pilot-assisted schemes,
and hardware simpli cations, we underscore the potential for scéable, resilient ber-optic networks that seamlessly
integrate sensing and communication functionalities to meet the derands of an increasingly connected and dynamic
world.

2 DAS-based IOFSAC

DOFS leverages Rayleigh backscattering to transform optical bes into highly sensitive, distributed sensor arrays

capable of real-time strain, temperature, and vibration detection Among DOFS technologies, DAS has garnered
signi cant attention due to its straightforward structure and su perior performance characterized by sub-meter
spatial resolution and high sensitivity to ambient mechanical vibrations. These attributes make DAS the ideal

candidate for IOFSAC systems, as it enables precise localization ofxternal threats and infrastructure anomalies

along the communication link.

2.1 Principle of DAS

DAS commonly relies on phase-sensitive optical time domain re ectoratry (-OTDR) technology, which launches a
highly coherent train of optical pulses (single-frequency [29] or dnp-frequency [30, 31]) with period into the ber
under test (FUT) to sense external disturbances, as shown in Figre 2(a). To avoid overlap between backscattered
traces from successive pulses, the pulse repetition period is chosto be longer than the round-trip time of the
FUT. As each pulse propagates, the microscopic inhomogeneities tfe refractive-index inherent to the drawn ber
generate elastic Rayleigh backscattering [32]. The backscatterdajht from di erent points along the pulse interferes
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Figure 2 (Color online) (a) Typical DAS operating principle and expe rimental setup; (b) DSP work ow for parallelized processin g of Rayleigh
backscatter signals. AWG: arbitrary waveform generator; B PD: balanced photodetector.

coherently, resulting in the backscattered intensity along the ber forming a random but deterministic speckle-like
trace|a stable \optical ngerprint" that remains unchanged aslo ng as th@lstate of the ber remains stationary [33].
The Rayleigh backscattered signal can be expressed gft) =(p h)(t)= ; p( )h(t )d , wherep(t) represents
the temporal pro le of the probe pulse (e.g., single frequency pulser chirp frequency pulse) andh(t) denotes the
ber response indicating inhomogeneity distribution.

External perturbations modify the local optical path via variation s of refractive index and ber length, thereby
altering the relative phases of the Rayleigh backscattering elds. ®@herent detection, combined with suitable
demodulation algorithms as shown in Figure 2(b), is used to extract he phase variations that are linearly dependent
on the applied perturbations. To localize and quantify the measure the spatial phase gradient is computed over a
nite gauge length. This spatial di erentiation converts the cumula tive phase into a localized estimate of dynamic
strain, enhancing robustness against global drifts and highlightingenvironment-induced phase changes with high
spatial delity. The location of external perturbations is determin ed using OTDR, which provides the basis for
spatial localization in a DAS system. In practice, the e ective spatial resolution is jointly constrained by the
probe-pulse duration, the temporal response of the receiver, ral the spatial sampling interval, given by SR =
max( ¢;0;2v) 55, where 4 is the width of single frequency pulse or the main lobe width of the compessed chirp
frequency pulse,q represents the detection response timey represents the spatial sampling interval,c is the light
speed in vacuum andn is the refractive index of ber. Specically, 4 determines the optical resolution limit,
g characterizes the electronic-domain limitation of the receiver, andv introduces a discretization constraint. For
discrete spatial sampling with interval v, the corresponding Nyquist spatial frequency is £(2v), so the shortest
spatial period that can be represented without aliasing is 2. Therefore, the overall spatial resolution is taken
as the e ective lower bound determined by the dominant one among he optical, electronic, and sampling-related
limitations.

2.2 Multiplexing techniques for the coexistence of communi cation and DAS

By integrating DAS with existing telecom networks, optical ber infr astructure can be transformed into dual-
purpose systems capable of both high-speed data transmission é@renvironmental sensing. Since DAS employs
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pulse signals with high PAPR to sense external disturbances while ojtal communication relies on continuous and
low-power data signals, the integration system is vulnerable to nonliear e ects. Therefore, non-negligible signal
interference and crosstalk between sensing and communication @the key problems to be solved in integrated DAS
and communication systems. Dense wavelength-division multiplexing BWDM) provides an e ective solution for
enabling such coexistence. By allocating dedicated wavelength chaels to the sensing signals, DWDM mitigates
mutual interference and crosstalk between sensing and commuration while maintaining high spectral e ciency.

The coexistence of DAS and optical communication was rst demongated by Verizon in [34], presenting a
conceptual framework with a bidirectional architecture to enablethe integration of DAS and optical communication
systems. The DAS system utilizes single-frequency light pulses as trogation probes. As illustrated in Figure 3,
the telecom and sensing signals were counter-propagated; meahile, a 50 GHz frequency guard interval was
allocated around the sensing signal, ensuring e ective suppressioof nonlinear e ects and minimizing interference
with telecom signals [35]. The system achieves a spatial resolution ofrh and a sensing range of 80 km, highlighting
its precision and scalability for urban sensing applications. Moreoverapplications such as road tra ¢ and condition
monitoring are also explored, which show signi cant potential for telecom operators to enable the integration of
sensing capabilities to diversify revenue streams and support smacity initiatives.

Conventional DAS employs high-peak-power pulses to interrogatehe sensing ber. However, the resulting
high PAPR induces severe nonlinear impairments that degrade co-mpagating communication signals, revealing an
inherent incompatibility between sensing and data transmission. To nitigate this interference, strict isolation is
required, often necessitating the allocation of dedicated spectiachannels or wide guard bands via DWDM, which
inevitably consumes valuable spectrum resources. To address tbe limitations, an IOFSAC scheme utilizing linear
frequency modulation (LFM) pulses was proposed [7]. The experiméal setup is shown in Figure 4. Leveraging
the superior coexistence performance of LFM, the system achied vibration sensing over a 90-km distance while
supporting a high-capacity communication line rate of 32 Th/s. This work systematically analyzes the mechanisms
by which DAS signals degrade the performance of communication chmels, thereby providing a sound basis for the
coexistence-oriented design of future communication and sensirgystems.

Traditional approaches to integrating sensing with communication require either dark bers or dedicated DWDM
wavelengths, creating a bottleneck for spectral e ciency in singlemode bers. Multi-core bers (MCF) resolve this
constraint by introducing the dimension of space. Due to the rich s@tial channels provided by SDM, the strict
limitations on spectral resources are relaxed. Consequently, a sgi ¢ core can be designated solely for distributed
sensing, decoupling it from the communication channels. This approeh is particularly e ective in weakly-coupled
MCFs, where low inter-core crosstalk € 40dB) ensures that the sensing signals do not interfere with high-
speed data transmission. As shown in Figure 5, following this design plosophy, an e cient IOFSAC system is
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demonstrated using a weakly-coupled seven-core ber (WC-7C-I@F) [36]. Over a 41.4 km WC-7C-MCF link,
the coexistence of 5.38 Th/s high-speed optical communication andlistributed vibration sensing was achieved,
providing a signi cant reference for the practical application of IOFSAC technology.

2.3 Strategies for mitigating nonlinear e ects

Since signal pulses used in DAS exhibit high peak powers, which will indcserious nonlinear e ects to the integrated
system, it is important to address the challenges posed by ber nolinearity. Several nonlinear e ect suppression
schemes have been investigated.

Counter- vs. Co-propagation architectures. Counter-propagation, where sensing pulses and communi-
cation signals travel in opposite directions, has proven e ective in educing interaction time and length, thereby
minimizing interference and enhancing overall system performancg5]. Experimental studies further con rm that
counter-propagation enables robust coexistence of DAS with carent signals, making it a preferred con guration
for practical deployments [6]. On the other hand, this con guration necessitates dual-ended access, introducing
additional deployment complexity. In contrast, co-propagation allows for single-ended operation, where sensing and
communication equipment are collocated. Studies have shown thatisgle-frequency pulse-based DAS can coexist
with high-capacity 100 GHz-grid DWDM coherent transmission in a copropagation setup, provided the DAS peak
power is carefully managed to suppress nonlinear e ects [37]. Newvireless, such validations are often limited to
short ranges (e.g., dozens of kilometers), restricting the applicabty of co-propagation with single-frequency DAS
to near- eld sensing scenarios.

Spread pulse technology. Research in [7] has highlighted that the high-peak-power pulses in ewentional
DAS induce spectrally dependent nonlinearities: nonlinear polarizatio rotation (NPR) in neighboring channels
and stimulated Raman scattering (SRS) in distant channels. To addess these challenges, an IOFSAC using chirped
pulses (CP) is proposed [7]. This approach e ectively suppresses ntinear e ects due to the constant optical power
pro le of CP, which avoids the transient intensity spikes typical of conventional modulation formats. The compre-
hensive comparison of DAS coexistence performance in [6, 7] is shown Table 1. The practical improvement of
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its for DAS coexistence.

(A) Impact of DAS techniques on coexistence [7]

Metric Conventional pulse DAS

LFM pulse-compression DAS

Polarization rotation

Power uctuation Severe (SRS induced).

Extremely fast (> 500 krad/s).
High peak power induces strong nonlinear birefrin-
gence, often exceeding DSP tracking speed.

Slow/negligible.
Low peak power minimizes nonlinear e ects; easily
handled by standard DSP.

Mild/smooth.

Long duration and low peak power prevent sudden
power surges.

Causes burst errors due to energy transfer from short
to long wavelengths.

Negligible.
Almost zero penalty on BER for adjacent channels,
enabling seamless coexistence.

Neighbor channel impact Signi cant (esp. < 0.8 THz spacing).

High BER penalty at pulse edges; risks link outage.

(B) Coexistence thresholds for modulation formats using pu Ise-compression DAS [6]

Transmission direction PM-QPSK limits PM-16QAM limits

Allowed: (25mW, 100 ns), (50 mW, 100ns), (75 mW,
20ns).
Forbidden: any pulse with power

Allowed: (25mW, 100 ns).
Forbidden: any pulse with power

Co-propagation
> 50 mW.
> 100 mWw.

Counter-propagation Allowed coexistence for all testing s cenarios (minimal impact observed).
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Figure 6 (Color online) (a) Experimental setup of DAS with polarizat ion-diversity Golay sequences; (b) co-propagation of sens ing and telecom

signal in C-band [27] Copyright 2023 IEEE.

this approach was con rmed in [38], where the performance of chirpd and non-chirped DAS was compared in a
live IOFSAC environment with 400 GbE signals. In contrast to non-chirped DAS, which caused service-threatening
errors at higher power levels, chirped DAS maintained a stable posFEC bit error rate (BER) even at signi -
cantly increased launch powers, successfully balancing extendedrssing range with communication ualityquality of
transmission (QoT).

Sharing the same philosophy of minimizing peak power, digital interrogtion sequences o er an alternative ap-
proach. For instance, polarization-division-multiplexed (PDM) Golay sequences with constant power have been
employed to minimize nonlinear distortions [27]. As illustrated in Figure 6, this technique enables the coexistence
of DAS and DWDM channels over 82 km of standard single-mode ber §SMF) with a spectrum spacing of only
2 GHz. This narrow spacing signi cantly improves the spectral e cie ncy compared to the 50 GHz spacing reported
in previous work [35], thereby supporting high-density DWDM systens.

Pulse edge smoothing. A critical trade-o exists in IOFSAC systems regarding the pulse edge pro le. For
sensing, a rectangular pulse envelope with steep edges is ideal to xiraize signal energy and SNR under peak
power constraints. However, for co-propagating communicatiorchannels, such steep power transitions induce rapid
refractive index uctuations via XPM. These uctuations result in f ast nonlinear phase rotations that often exceed
the tracking bandwidth of the carrier phase recovery (CPR) in coterent receivers [7], leading to burst errors.

To reconcile these con icting requirements, a specialized pulse sham strategy is proposed in [10]. As illustrated
in Figure 7, this approach employs amplitude shaping with raised-cosia (RC) transitions to smooth the power
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Figure 7 (Color online) CP by inserting out-of-band chirps and ampli tude shaping [10] Copyright 2023 IEEE.

gradient. Crucially, to prevent this smoothing from degrading the sensing performance, the primary sensing sequence
is anked by auxiliary out-of-band chirps. The RC shaping is applied exclusively to the rising edge of the leading
chirp and the falling edge of the trailing chirp. Consequently, the cerral sensing pulses retain their rectangular
pro le for maximum e ciency, while the transition distortions are con ned to frequency bands that do not interfere
with the primary sensing operation.

2.4 Long-reach integrated DAS and communication system

Advancements in ber optic communication technologies, such as DVDM and coherent detection, have enabled
high-speed data transmission over ultra-long distances exceedintD00 km. However, achieving high-performance
distributed sensing on these long-distance links remains a signi canthallenge for DAS systems. Traditional DAS
is constrained by ber attenuation, limited SNR, and nonlinear e ect s like the Kerr e ect and SBS, restricting its
coverage to much shorter ranges. It is essential to overcome d&se limitations to enable long-reach IOFSAC that
can support simultaneous sensing and communication over extendedistances.

Raman pumping for extended sensing range. To extend the DAS sensing range over long ber spans
(see Figure 8), bidirectional Raman pumping has been investigatedsaa distributed ampli cation strategy. Unlike
conventional EDFA-based relays, whose isolators block backwardRayleigh scatter, Raman gain enhances both
forward communication signals and backward-propagating backsatter, thereby improving sensing reach without
imposing the isolation constraints of EDFA architectures. This technique has demonstrated successful coexistence
of DAS and communication signals over hybrid links exceeding 1000 km (1. Despite its e ectiveness, retro tting
existing infrastructure with Raman pumping introduces signi cant ¢ omplexity and cost, highlighting the need for
cost-e ective solutions in practical deployments.

High-loss loop-back (HLLB) structures for submarine links . In bidirectional submarine optical links,
HLLB structures are employed to enable the return of signals fromeach ber span to the shore, thereby supporting
distributed ber sensing over long distances. Two representativeHLLB implementations have been reported. In the
rst con guration, ber Bragg gratings (FBGs) are deployed to r e ect the forward-propagating optical signals into
the counter-propagating ber, facilitating the collection of distrib uted backscattered signals at the terminal [39]. In
the alternative approach, high-loss optical couplers are used in plze of FBGs to directly redirect backward Rayleigh
scattering signals from each span to the shore [40]. These con gations are illustrated in Figure 9. The elegance
of this dual-purpose approach lies in its e cient use of existing submaine cable infrastructure, leveraging HLLBs
to enable simultaneous high-capacity data transmission and enviromental sensing without requiring additional
hardware, thereby enhancing system versatility and cost-e eciveness. However, signals from remote spans may
exhibit a reduction in SNR due to cumulative noise contributions, which may need to be addressed through optimized
pump power con gurations or advanced signal processing techniggs.
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2.5 Integrated DAS and communication with hardware sharing

Conventional DAS-based IOFSAC systems operate sensing and gonunication independently, with only the optical
ber shared. To achieve more compact IOFSAC implementations, anintegrated approach sharing spectrum and
hardware between communication and DAS is desirable, as it e ectivly lowers overall system costs. A paradigm
that merges DAS and IMDD transmission by replacing the optical carier with the LFM carrier is reported in [2].
Crucially, the chirp characteristic of the LFM carrier is exploited to suppress SBS [41], unlocking higher launch
powers that trigger SPM to neutralize chromatic dispersion fading hat yields a 1.3 dB improvement in communi-
cation performance. The integrated scheme proposed in this papewhich enables communication and sensing to
share the same channel, o ers distinct advantages in terms of spérum utilization, system integration, and network
deployment cost, thereby exhibiting stronger potential for pradical applications. Moreover, to the best of current
knowledge, it is the only architecture reported so far in which the introduction of sensing functionality does not
necessarily degrade communication performance and can even ingue it. However, as illustrated in Figure 10, this
bene t comes at the cost of increased architectural complexity. Speci cally, generating the requisite clean LFM
carrier demands sophisticated waveform synthesis and optical lering to preserve signal integrity.
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In IMDD systems, the optical carrier dominates the total signal power. Thus, utilizing an LFM carrier is an
e cient approach to achieve IOFSAC. However, coherent optical communication employs carrier-suppressed mod-
ulation formats, resulting in the absence of a high-power carrier cmponent. This characteristic poses a signi cant
challenge for achieving hardware sharing within coherent architeatre. To address this challenge, a scheme is pro-
posed wherein LFM signals are embedded into the training sequence$ communication data frames [42]. As shown
in Figure 11, by strategically placing the LFM pilots within the spectral roll-o area of the communication signal,
this method minimizes interference with the communication tra c. Ult imately, without consuming additional spec-
tral resources, this approach successfully demonstrates theansmission of a 60 GBaud 16-QAM signal alongside
simultaneous sensing with a 0.5 m spatial resolution over a 10 km ber lik.

3 FT-OPS-based IOFSAC

While DAS-based IOFSAC schemes o er distinct advantages in singleended distributed localization, their e cacy

is fundamentally constrained by the precipitous degradation of Rayeigh scattering power over distance, which im-
poses a severe SNR penalty. Given these constraints, the FT-OP&chitecture provides a more robust solution for
extending sensing reach. Functioning as an ultra-long-baseline intéerometer, this architecture extracts environ-
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mental data via forward phase demodulation. Its feasibility is unlocked by NLL [43], whose exceptional temporal
coherence ensures intrinsic phase noise remains signi cantly loweh&an external perturbations. This allows detected
phase excursions to be correctly attributed to environmental dynamics, enabling precise ultra-long-haul sensing.

3.1 Principle of FT-OPS

Single-mode ber is actually an e ective strain gauge [44]. Environmenal disturbances, such as temperature,
vibration, and stress, induce strain in the ber, leading to phase vaiations of the transmitted light. In forward
transmission systems, the optical phase accumulates as light pragates through a ber of length L, expressed as
' = L, where is the propagation constant. The resulting phase shift induced by rternal disturbances can be
expressed as ' = L+L [44,45]. The rst term accounts for the optical path di erence due to the physical
elongation of the ber, while the second, more nuanced term encopasses both the strain-optic e ect and waveguide
mode dispersion|factors that alter the propagation constant and thereby induce additional phase variation.
Notably, it has been veri ed that the phase changes arising from waeguide mode dispersion are negligible [46].
Consequently, the phase change can be simpliedto ' = L 0:78, where 22% of the phase change originates
from strain-induced refractive index variation. This means the change in refractive index partially counteracts
the phase shift caused by ber elongation when only the ber lengthchange ( L) is considered [47]. To recover
the optical phase variations induced by subtle environmental pertirbations, ber interferometric schemes [48] and
coherent detection schemes are widely employed in FT-OPS con gations.

However, measuring a single phase signal is insu cient for localizing tle perturbation event. To achieve localiza-
tion, a common method is to use two light beams propagating in oppos# directions in the system, as illustrated
in Figure 12. Localization of the vibration source is accomplished by ciaulating the time lag between the east
( east) and west ( west) propagation delays using cross-correlation. The positiore is then computed asz = L*+
where L is the ber length and v is the e ective light speed in the ber, which depends on the refracive index.

What should be noticed is that accurate remote time synchronizatio is required to ensure the accuracy of
localization. To enable single end detection, a unidirectional FT-OPS gstem based on a special frequency shift
optical delay line structure is proposed [49]. Since optical ampli ers ach as EDFAs can be placed in such a system
to compensate for ber attenuation, a sensing distance of over 85 km is reported with the use of commercially
available narrow-linewidth lasers (at the 100 Hz level), which is criticalfor maintaining phase coherence over long
ber spans [50]. By combining unidirectional propagation, optical ampli cation, and low phase noise lasers, FT-
OPS can achieve sensing distances of hundreds of kilometers or avéhousands of kilometers, far surpassing the
range of traditional backscattering-based methods.

3.2 Methods of integrating FT-OPS and coherent optical ber communication

Pilot-assisted integrated FT-OPS and coherent optical be r communication. A sensing scheme based
on ber interferometry was proposed [15]. As depicted in Figure 13 [&], in this scheme, a low-frequency pilot
tone is loaded to co-propagate with the communication signal, while a entinuous wave (CW) tone is introduced
to propagate in the counter-direction. This approach requires oty simple DSP. By cross-correlation the retrieved
phases of the pilot and CW tones, vibrations can be accurately localed. Experimental results demonstrate that with
appropriate power control, the sensing signals have a negligible impa®n communication performance, enabling
simultaneous 60 GBaud 16-QAM transmission and vibration sensing cer a 100-km deployed ber link.

Vibration sensing by recovering phase from telecom data str eams. Research in FT-OPS predominantly
relied on dedicated CW light sources to extract phase information fo environmental monitoring. However, when
considering adding optical phase sensing into coherent communicain systems, the dedicated sensing CW light
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Figure 13 (Color online) (a) Routine of the deployed ber link; (b) exp erimental setup of the IOFSAC [51] Copyright 2023 IEEE. CoRx
coherent receiver; Pol Mux: polarization multiplexer.

Figure 14 (Color online) Experimental setup and DSP ow for vibration detection and localization using bidirectional transmiss ion with
data-modulated signals [16] Copyright 2022 IEEE. Mod.: mod ulator; SD-FEC: soft-decision forward error correction; H D-FEC: hard-decision
forward error correction.

is not necessary because optical communication is naturally a forwd transmission system and the phase sensing
information is actually contained in the transmitted data streams. Based on the characteristics of coherent optical
ber communications, a novel optical phase sensing strategy thta recycles' the otherwise discarded phase noise
within the communication signal and repurposes it for sensing is propsed. The DSP module of coherent receivers
is utilized to recover the instantaneous optical phase, thereby eabling dual-purpose functionality of vibration
sensing and data transmission without impairing communication perfemance [16]. As shown in Figure 14, this
scheme helps reduce the need for additional sensing equipment apdwer, leading to more cost-e ective and energy-
e cient solutions. However, as DSP contains the need for sensingignal reconstruction, its complexity increases
accordingly. In addition, since the correlation is done at one end, pdect synchronization and the need to send the
detected phase variation to the other end are essential. This hasoenplicated the overall system implementation.



LuL W , etal Sci China Inf Sci June 2026, Vol. 69, Iss. 6, 160301:13

Figure 15 (Color online) (a) Intra-polarization delay con guration [52] Copyright 2024 IEEE. (b) delayed self-heterodyne con guration [53]
Copyright 2024 |IEEE. PBS: polarization beam splitter; DAC: digital-to-analog converter; PBC: polarization beam comb iner.
3.3 Relaxing the stringent requirements of the ultra-stabl e laser source

FT-OPS relies on measuring phase variations of optical signals, with lte sensitivity fundamentally constrained
by the phase noise oor of the laser source. For long-haul implemeations, the laser coherence length must be
comparable to the ber link length, which necessitates the use of ultanarrow-linewidth lasers and substantially
increases system cost. Telecom-grade lasers o er a cost-e @o¢ and widely available alternative, but their broader
linewidth and frequency drift introduce signi cant phase noise that obscures vibration-induced phase changes and
reduces sensing accuracy. To mitigate these limitations, advanceghase-noise compensation techniques have been
proposed, enabling improved vibration detection performance withtelecom-grade lasers.

3.3.1 Delay-based laser phase noise mitigation

The central idea of removing the in uence of laser phase noise is to troduce a reference phase signal alongside
the sensing phase signal. Then the reference phase is used to esttm and subtract phase noise. To e ectively
keep the perturbation-induced phase variations while removing theundesired laser phase noise, various delay-based
structures, which introduce controlled time delays between signapaths, are proposed.

Single-end delay con gurations. In dual-polarized coherent systems, a known time delay can be addeto
either of the polarization paths in PDM signals on the transmitter side, as shown in Figure 15(a) [52]. At the
receiver, CPR algorithms reconstruct the laser phase noise, whicks then subtracted to recover vibration-induced
phase perturbations. Crucially, an adequate optical delay is esséial for preserving e ective perturbation phase
signals. The implementation of a controlled long-time delay in the polariation path of the PDM signal signi cantly
increases the transmitter's structural complexity, which is not practical. In a multicore ber-based integrated FT-
OPS and coherent communication system, the vibration-modulatedCW sensing signal is split into two branches at
the receiver [53]. As shown in Figure 15(b), one undergoes a conited delay, while the other is frequency-shifted
via an acousto-optic modulator before recombination for self-hegrodyne detection. Both paths carry identical laser
phase noise, with one delayed. After interference, the detecteghase signal includes residual laser phase noise and
expected vibration-induced variation. By optimizing the delay time, the impact of laser phase noise on vibration
signal extraction can be signi cantly reduced, thus easing the ne@ for ultra-narrow-linewidth lasers.

Double-ended delay con gurations. Introducing delays at only the transmitter or receiver end partially
reduces laser phase noise in ber-optic systems, but residual naspersists, preventing optimal performance. As
illustrated in Figure 16, a more e ective approach involves implementing delays at both the transmitter and receiver
ends to achieve correlated noise cancellation, thereby enhancingise suppression. Drawing on delay-based noise
mitigation, the scheme has been proposed in multi-core ber system to enhance sensing and communication inte-
gration [54]. This method uses spatial diversity in multi-core bers to manage phase noise and detect vibrations via
self-homodyne coherent detection, eliminating the need for NLL. Baring transceiver hardware and DSP algorithms
improves resource e ciency, o ering a sensitive and cost-e ective solution for integrating ber-optic communication
with distributed intelligent sensing.

However, multicore ber and self-coherent are not standard colerent transmission system setups. Therefore, an
integrated vibration sensing and standard WDM coherent transmision scheme using frequency combs and external
cavity lasers (ECLSs) is developed to address the high cost and scdldity issues of narrow-linewidth lasers [55]. As
shown in Figure 17, the core principle involves using an ECL as the seeldser to create multiple stable optical
frequency comb lines via advanced modulation. Identical time delaysre applied at the transmitter and receiver
for two corresponding comb lines, ensuring shared laser phase neidut distinct vibration-induced phase shifts in
the recovered phase information. Laser phase noise and drift are ectively mitigated through a simplied DSP
work ow, enabling the isolation of phase variations induced by vibrations. This enhances sensitivity and robustness
for vibration detection, o ering strong compatibility and scalability f or integrating coherent optical communication
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Figure 16 (Color online) Self-homodyne coherent detection and vibra tion sensing [54] Copyright 2024 The Author(s). SMF: single -mode ber;
WC-MCF: weak-coupled multi-core ber.

Figure 17 (Color online) Experimental setup for phase-based vibrati on sensing using frequency combs [55] Copyright 2025 IEEE. C DM:
coherent driver modulator; Vib: vibration.

with ber sensing.

Delay-based architecture e ectively mitigates laser phase noise in ber-optic vibration sensing systems, but they
pose signi cant challenges. A key limitation of these schemes is the lghtened transceiver complexity resulting from
the delay design, necessitating additional hardware and meticulousalibration. This dependence on precise delay
control undermines cost-e ectiveness and renders the systersusceptible to minor parameter variations, potentially
impairing its capacity to detect and compensate for subtle signal pgurbations in dynamic environments. These
drawbacks highlight the critical need for further optimization to st rike an optimal balance between performance,
cost, and practicality in real-world applications.

3.3.2 Pilot-assisted noise mitigation for vibration sensing

Pilot tones are widely used in optical communication systems for pedrmance monitoring, phase noise and frequency
0 set compensation, nonlinearity mitigation, and high spectral e ¢ iency transmission, signi cantly enhancing sys-
tem performance [56{58]. Recently, a vibration sensing scheme ergying frequency-domain pilot tones (FPTs) as
auxiliary signals for both vibration detection and signal recovery within digital subcarrier multiplexing (DSCM)
communication systems has been developed [59]. The experimentatap and DSP ow are depicted in Figure 18(a).
This scheme achieves integrated frequency o set estimation (FOE CPR, polarization demultiplexing, and vibra-
tion sensing by embedding FPTs within DSCM subcarrier guard intervds. By improving the accuracy of dynamic
FOE, FPTs e ectively mitigate sensing noise caused by laser frequesy drift, but the laser phase noise remains.
This is because the laser phase noise exhibits a high power spectraémsity in the low-frequency region, which
spectrally overlaps with the vibration signals and cannot be distinguided by simple frequency Itering. As shown
in Figure 18(b), Wiener Itering, other than traditional band-pass lItering (BPF) that exhibits considerable phase
noise and low SNR when detecting low-frequency vibrations [60], is pposed to ensure the delity of vibration
signals. However, only high-frequency ¥ 10 kHz) vibrations are detected. It should be noted that pilot-asssted
methods inherently compromise spectral e ciency, as guard intevals occupy bandwidth that would otherwise be
available for data transmission. Additionally, these methods degra@ quantization accuracy because FPTs compress
the dynamic range of communication signals at the DAC, thereby redicing the e ective number of bits (ENOB) at
the ADC, and further exhibit sensitivity to polarization-dependent loss (PDL).

In summary, representative laser-noise mitigation techniques fowibration sensing in FT-OPS mainly include
single-end delay, double-ended delay, and pilot-assisted approaes, which exhibit di erent tradeo s in implemen-
tation complexity, residual phase-noise suppression capability, ath system compatibility. Their representative char-
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Figure 18 (Color online) DSP ow for (a) FPT scheme [59] Copyright 2025 IEEE. (b) FPT and Wiener lter scheme [60] Copyright 2025
Optica Publishing Group. RF: radio frequency; PRBS: pseudo -random binary sequence; CPE: carrier phase estimation; RO P: received optical
power.
Table 2 Summary of representative laser-noise mitigation techniq ues for vibration sensing in FT-OPS.
Technique Complexity Residual phase System Main limitations
noise compatibility
Single-end delay Low-medium Y High Residual phase noise remains.
con guration Stable long-delay implementation is challenging.
Double-ended delay High N Medium-high Increased transceiver complexity.
con guration Requires synchronization and calibration.
Pilot-assisted method Low N High Pilot overhead reduces spectral e ciency.

Dynamic-range compression lowers e ective quan-
tization accuracy.
Sensitive to polarization-dependent loss.

acteristics and major limitations are qualitatively compared in Table 2.

3.4 Multi-event detection for FT-OPS

Though FT-OPS displays great superiority in long-haul sensing, it faces the problem of distinguishing multiple
concurrent events because optical phase accumulates during éhpropagation along the optical ber. In the sensing
area, several methods have been proposed to address this isséenull frequency analysis algorithm [61] is proposed
to solve the localization problem of multiple events. However, this mehod fails to work if the spectrum of the
disturbance is not wide enough to cover the null points, and it cannt separate the overlapped phase signal as well.
To achieve both detection and localization of multi-point vibrations, cascaded sensing arrays can be employed [62],
resulting in span-by-span independent measurement of environnmtal disturbances.

Recently, Fang et al. introduced an innovative approach for multi-event vibration sensing in complex environ-
ments by modeling FT-OPS as a dual-sensor phased array [63]. As digped in Figure 19, time delays between two
coherent transmitter-receiver pairs are used to map event posibns to direction-of-arrival (DOA) angles, treating
non-target perturbations as di use noise and target events asdr- eld sources. The \coarse-to- ne" approach, uti-
lizing generalized cross-correlation phase transform (GCC-PHAT Yfollowed by generalized sidelobe canceller (GSC)
or null-steering beamforming (NSBF), enables e ective monitoring and localization of multiple events. This work
reformulates the conventional location C delay relationship in forwad optical ber vibration sensing as a stan-
dard two-sensor array processing problem, thereby providing a wre uni ed and powerful analytical framework for
multi-event localization and target signal reconstruction. Howeve, this method increases system complexity, and
the intricate DSP work ow may impact the response time of real-time sensing systems.
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Figure 19 (Color online) (a) Bidirectional FT-OPS; (b) the equivalen t dual-sensor phased array model [63] Copyright 2025 IEEE.

4 FT-SOPS-based IOFSAC

Phase-based forward sensing imposes stringent linewidth requireents for long-haul transmission. Ultilizing
commercial-grade lasers necessitates complex architectural mochtions|such as introducing delays to cancel
phase noise via di erential methods. In contrast, polarization-based sensing stands out due to its linewidth insen-
sitivity and universal compatibility with both coherent and IMDD syst ems.

4.1 Principle of FT-SOPS

SOP in optical bers plays a crucial role in understanding polarization mode dispersion (PMD) and environmental
disturbances in optical communication systems. To describe SOP,wo representations are commonly used: the
two-dimensional complex vector in Jones space and the three-dinmsional real-valued vector in Stokes space [64].
Transformations between these representations are facilitatedby Pauli spin matrices, enabling the visualization of
SOP as a point on the Poincae sphere.

In optical bers, polarization changes induced by randomly varying birefringence can be interpreted as rotations
on the Poincae sphere. These rotations lead to di erential group delay (DGD) between principal polarization
modes, forming the basis of PMD. The PMD vector encodes both thedirection of the slow principal state of
polarization and the DGD magnitude. Furthermore, the evolution of SOP with respect to ber length and optical
frequency follows in nitesimal rotation laws, which can be characteized by dynamical equations and concatenation
rules [65].

An analytical investigation into the mechanisms by which environmental intrusions induce disturbances in SOP
has been conducted. In the ideal case, neglecting PDL, the polai@tion channel response arising from ber birefrin-
gence and external environmental factors can be described by @nitary Jones matrix U, which is mathematically
equivalent to a rotation in Stokes space and can thus be represestl as a polarization rotation vector with a
corresponding rotation angle [64{66]. The Jones matrix can be exmssed in exponential form as

U =exp jEOI (1)

Ji ;
with det(U) = 1, where  denotes the common phase, is the rotation vector, and =( 1; 2; 3) represents the
vector of Pauli matrices, which facilitate transformations between the two-dimensional Jones and three-dimensional

Stokes representations. The explicit forms of the Pauli matrices ee
! ! !
10 01 0 j
= : = : = : 2
T 01 " 10 " jo @)

Within this framework, it has been demonstrated that the phase di erence introduced by the polarization demul-
tiplexing algorithm primarily a ects the rst component (i.e., the S; axis) of the rotation vector in Stokes space,
while its e ect on the other two components is negligible [66]. This is intuitive since the phase di erence between
the two polarization channels corresponds to a rotation around tle S; axis in Stokes space.

On the Poincae sphere, the polarization disturbance experience by the signal during transmission can be inter-
preted as a rotation of the input SOP about the polarization rotation axis , with g rptation angle  from input

to output. Assuming the input sigﬂal_is poI%riz_ation—muItiplexed, represented as :C , the received signal after
[ [

transmission can be represented as[: = U " , whereU is the Jones matrix describing the polarization trans-

ty

formation. At the receiver, an equalizer is employed to achieve polaration demultiplexing, aiming to nd a matrix
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W such that WU = Al, thereby compensating for the polarization disturbance introdued during transmission.
Here,| is the 2 2 identity matrix, and A is given by

A= ) 3)

with 1 and , denoting the accumulated phases of the original polarization chanels, including phase uctuations
resulting from frequency o set between the transmitter and the local oscillator [66]. After equalization, the recovered
electric eld is given by ! ! !
YH - W|:||-H W|:||-V MH . (4)
Yv Wy Wy rv
By extracting the coe cients from the equalizer, the polarization state of the signal in Stokes space can be
calculated as [67]

So = jWhn (0)j* + jWy  (0)j%; )
S, = JWhH (0)1281 Wy (0)12; (6)
0
S, = 2JWun (0)] jWyvh (0)] cos(arg Wun (0)W,,, (0))) | )
2 S, ;
_ 2Wun (0)] JWyv i (0)j sin(arg (Whun (0)W,, 4 (0)))
83 - SO ’ (8)

where the subscripts denote the equalizer lter coe cients corresponding to the horizontal and vertical polarization
channels, speci cally referring to the DC component. This formulation enables direct mapping of the equalizer
output to the Stokes parameters, thereby facilitating real-time monitoring of SOP evolution.

4.2 Vibration sensing by tracking SOP changes from telecom d ata streams

The extraction of Stokes parameters from the DC components othe equalizer taps enables the characterization of
the temporal dynamics of the SOP by computing a di erential metric |[speci cally, the variation between Stokes
vectors over a de ned time interval [67,68]. Utilizing this strategy, a real-time ber integrity early-warning system
was demonstrated in [23]. In such systems, if the SOP uctuation rde exceeds a preset threshold, an automatic
event detection scheme is triggered to classify and report ber peurbation events.

Nevertheless, the extraction frequency of the equalizer coe ciats was limited to below 2 kHz, revealing an
intrinsic trade-o between the high temporal resolution needed fa tracking fast polarization variations and the
requirement for e cient noise suppression through temporal aveaging [23]. To overcome this limitation, the band-
width for monitoring high-frequency SOP uctuations was extended to 8 kHz by employing a customized training
sequence, which allows for direct estimation of Jones matrix coe ciats from the output of training symbols. This
approach enables faster SOP parameter acquisition than the traiiional constant modulus algorithm (CMA) [69].

4.3 Hardware-simpli ed FT-SOPS in IMDD systems

As demand for real-time performance monitoring and network relialllity increases, integrating advanced optical
sensing techniques becomes critical in IMDD systems as well. Howaveraditional methods, such as extracting
equalizer tap coe cients, are inadequate for IMDD systems, whichare inherently insensitive to SOP due to the lack
of phase information. To address this challenge, advanced SOP s&ng and anomaly detection techniques have been
developed. As demonstrated in Figure 20(a), an OSC-based SOP rssing method utilizing a polarization analyzer
enables full Stokes vector reconstruction, which achieves e eate performance even at received power levels (as low
as 40 dBm [20]).

While OSC-based SOP sensing o ers high sensitivity, it requires additimal hardware. To address these limita-
tions, a hardware-simpli ed scheme leveraging a PBS with PD has beeproposed, as illustrated in Figure 20(b) [21].
The PBS decomposes the incident optical eld into orthogonal horiontal and vertical polarization components, en-
abling the extraction of the S1 parameter of the Stokes vector though di erential signal calculation. Using a
bidirectional transmission setup, this simpli ed scheme has demongstted its capability for real-time monitoring
of SOP uctuation [70]. Moreover, polarization monitoring can be achieved directly from the modulated signal
light. By tapping only 10% of the optical power and using existing IMDD transmission channels, this approach
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Figure 20 (Color online) SOP measurement setup using (a) polarimeter and (b) PBS. A/D: analog-to-digital; FFT: fast Fourier tran sform.
Figure 21 (Color online) Principles of polarization-based geophysi cal sensing. (a) SOP without earthquake; (b) monitoring by s haking or
pressuring the cable; (c) SOP during earthquake; (d) SOP aft er rotation [67] Copyright 2021 American Association for th e Advancement of
Science.

enables SOP monitoring without requiring additional complex hardware [71]. This method e ectively transforms
the IMDD transmission signal into an SOP sensing element, thereby @ring a pragmatic and scalable pathway for
the seamless integration of sensing functionalities within optical neworks.

4.4 Advanced applications of FT-SOPS in optical networks

FT-SOPS for seismic monitoring. Subsea sensing is hindered by high deployment costs, technical dlenges
in power supply and data transmission, and substantial maintenane demands in harsh marine environments.
Conventional sensor networks often fail to achieve real-time, astinuous, and high-resolution spatial coverage. In
contrast, sensing based on the SOP of optical signals leveragesigting submarine cable infrastructure, o ering

ultra-long-range coverage, real-time data transmission, intrinsicrobustness, and no additional power requirements.
Environmental perturbations induce birefringence uctuationsin the ber, resulting in measurable SOP changes that
enable these cables to function as polarization sensors. Recenuslies con rm the feasibility of using standard optical

submarine cables for geophysical monitoring, including undersea ®ic events and ocean wave activity, without
disrupting communication or requiring additional hardware. This method signi cantly reduces deployment and

maintenance costs, providing a promising solution for large-scale,ontinuous, and cost-e ective subsea monitoring.

Building on these advancements, Zhan et al. demonstrated polarize&on-based seismic and ocean wave sensing over

the 10000 km submarine cable, as reported in [67]. As shown in Figurel2the SOP along the ber remains stable
owing to the consistent ocean ambient environment, whereas the@P rotation caused by an earthquake is evident on
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Figure 22 (Color online) (a) Experimental setup of the real-time tran sceiver in the live ROADM network; (b) FPGA-based transceiv er
prototype and 50 GHz test-channel generation [73] Copyrigh t 2023 IEEE. ROADM: recon gurable optical add-drop multipl exer.

the Poincae sphere. The study highlighted that FT-SOPS captures the integrated mechanical perturbations along
the full cable length, leading to prolonged signal durations compare to localized seismic stations. This pioneering
work transformed ocean communication cables into geophysical ssors, highlighting SOP's powerful perception
capability and paving the way for a global, real-time, low-cost submaine earthquake and tsunami monitoring
network. This scalable solution addresses the scarcity of submar@aobservation data, o ering signi cant potential
for marine geophysical research and disaster early warning.

Further advancing the eld, a real-time FPGA-based DSP system is irtegrated into a coherent transceiver,
enabling simultaneous extraction of SOP and Jones matrix-based mse information during live transmission over
the 12800 km submarine cable [72]. By combining SOP rotation with phas variation, their approach improved
event classi cation and detection delity compared to SOP-only measurements. This highlights the potential of
integrated, real-time coherent sensing transceivers for advamd environmental monitoring over transoceanic ber
links.

FT-SOPS for link health and proactive fault warning. Early FT-SOPS studies primarily exploited the
nite-impulse-response coe cients of coherent-receiver equaliers to derive Stokes parameters and SOP rotation
rates in real time. By further combining these DSP-derived featues with machine-learning algorithms for physical-
layer disturbance detection, these studies established an online mdoring framework that reused existing coherent
DSP resources [23]. Subsequent research extended this concdgtyond short-reach laboratory demonstrations
toward long-haul and eld-deployed scenarios, thereby broadeimg the practical scope of transceiver-based ber
sensing. In addition to SOP-based disturbance monitoring, later stidies also showed that dynamic equalizer behavior
can be leveraged to infer link delay and ber-length variations. A representative example is the real-time eld trial
over 524 km of aerial ber using FPGA-based coherent transceives, as shown in Figure 22 [73], where wind speed,
temperature, and electrical-current-related e ects were monibred through joint SOP and equalizer-tap analysis [25].
In this work, equalizer tap drift was used to realize long-haul time-d- ight and ber-length variation monitoring,
and the measured link variations were quantitatively correlated with meteorological temperature data. These results
demonstrate the feasibility of extracting sensing information from existing coherent transceiver DSP in live aerial
ber links and provide important empirical support for the applicatio n of integrated sensing and communication in
aerial optical cable infrastructures.

5 IOFSAC in passive optical networks

PONs have become the prevailing solution for xed access and 5G/6@nobile fronthaul due to their high bandwidth,
low cost, and ease of maintenance [74]. Extensively deployed in resit@l, enterprise, and urban environments,
PONSs are increasingly required to provide not only connectivity but aso enhanced reliability, security, and sit-
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Figure 23 (Color online) Schematic diagram of co-existing DAS and XGS -PON system [76]. XGS-PON: 10G passive optical network; CO:
central o ce; OLT: optical line terminal; DS: down-stream; US: up-stream; DL: delay lines; DF: distribution bre; ESF: enhanced scatter bre;
ONU: optical network unit.

uational awareness as network scale and application diversity growlIntegrating ber sensing into PONs o ers a
promising way to monitor ber integrity and the surrounding environ ments using the existing access infrastructure.
While the preceding discussions demonstrated the e cacy of IOFSAC in point-to-point (P2P) networks, extending
these capabilities to PONs is non-trivial. The inherent point-to-multip oint (P2MP) architecture, characterized
by high-ratio passive splitters and multi-branch topologies, posesundamentally di erent challenges, particularly
regarding optical power budgets, backscatter signal overlap, rd precise event localization. In this section, we re-
view recent progress on integrating sensing into PONSs, covering lib DAS-based schemes and forward-transmission
optical sensing approaches, and discuss how these methods adss the unique constraints of P2MP access networks.

5.1 Integrating DAS into PONs

Integrating DAS into PONs o ers signi cant potential for monitorin g ber integrity and collecting environmental
data to support smart city applications. This integration faces unique hurdles due to the passive, multi-point ar-
chitecture of PONs. PONs are characterized by the absence of inlaampli cation, and the presence of high-ratio
splitters causes signi cant double-pass loss for Rayleigh backscatred light. Furthermore, the overlapping backscat-
ter signals returned from multiple branches create spatial ambiguiy, severely hindering precise fault localization
and e ective monitoring [75].

ONU-end modi cations for enhanced sensing performance. To address signal power loss caused by high
splitting ratios in PONs, modi cations at the ONU end have been proposed. As shown in Figure 23, by integrating
ber delay lines and “coded' ESFs with unique re ection pro les, this system e ectively resolves vibration events
from individual distribution ber [76]. However, scalability is constrain ed, as signal discrimination degrades with
an increasing number of branches. Furthermore, the reliance onpgcialized ber designs and delay lines increases
installation complexity, potentially impeding cost-e ective large-scale deployment.

To further enhance the capability of distinguishing multiple branches the re ective semiconductor optical am-
pli ers (RSOA) deployed at the end of the ONU are used, as shown in kgure 24 [77]. The embedding of the RSOA
overcomes the high round-trip loss caused by the high spatial spligr and successfully detects vibrations on multiple
bers without interference by employing a time-domain multiplexing (T DM) scheme to sequentially activate RSOA
for interrogating specic bers. Although these ONU-end modi ca tions enhance sensing capabilities, they often
introduce increased complexity and higher costs at the user end, ich contradicts the fundamental design principle
of PONSs, namely simplicity and cost-e ectiveness.

Remote end (RN) modi cations for multi-branch sensing. A major challenge in PON monitoring is
the signal aliasing caused by the simultaneous return of Rayleigh b&scattering from multiple branches. This
issue can be e ectively resolved using WDM techniques. A dual-combcheme, as illustrated in Figure 25, employs
an LFM-CW signal as both the IMDD communication carrier and the sensing probe [78]. A wavelength-selective
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Figure 24 (Color online) Experimental setup for DAS-compatible PON [ 77] Copyright 2020 IEEE. BBU: baseband unit; RSOA: re ectiv e
semiconductor optical ampli ers; RRH: remote radio head; P Z-FS: piezoelectric ber stretchers.

Figure 25 (Color online) Experimental setup of dual-comb enabled IOF SAC in PONs [78] Copyright 2024 The Author(s). MSG: microwav e
signal generator; FMCW: frequency-modulated continuous w ave; APC: automatic polarization controller; DD-MZM: dual -drive Mach C Zehnder
modulator; PS: phase shifter; Att.: attenuator; PM-OC: pol arization-maintaining optical coupler.

switch (WSS) at the remote node allocates distinct comb lines to eacbranch, while a second comb with a frequency
oset f enables beat-frequency down-conversion of Rayleigh backscated signals, separating them into unique
frequency bands spaced by f for frequency-multiplexed sensing. However, these transmittemodi cations increase
cost and complexity, potentially limiting practical deployment. Altern atively, a wavelength- and code-orthogonality-
based DAS approach integrates the sensing system at the remoteode, utilizing orthogonal Golay-coded probe
signals with distinct wavelengths to eliminate branch ambiguity without modifying the transmitter [79]. This
method ensures robust multi-path sensing while maintaining compatilility with existing PON infrastructure.

5.2 Integrating forward optical phase sensing into PONs

While backscattering-based techniques like DAS face signi cant hudles in PONSs, forward transmission-based sens-
ing, specically ber interferometric technology, has been proposd to serve as a \sustainable" alternative. This
approach prioritizes cost-e ectiveness and energy e ciency, leeraging the existing infrastructure with minimal
hardware complexity. The core of this strategy often relies on theMichelson interferometer con guration, which
employs FRMs at the ber endpoints, alongside 3 3 optical couplers at the receiver to enable passive homodyne
demodulation. In [80], the interferometer is realized directly inside thre PON cables using a pair of bers (e.g.,
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Figure 26 (Color online) Experimental setup of quantitative compari son between phase and SOP.

in a dual-feeder or drop cable) as the sensing and reference arm&ince both arms share the same cable path,
they accumulate common noise that is cancelled out, relaxing the lineidth requirements for the laser source while
remaining sensitive to mechanical perturbations a ecting the cablestructure. However, isolating individual user
branches is still challenging in the above proposed sensing solutionsud to the P2MP topology. To address this,
the WDM approach can be applied [81]. In this scheme, a speci ¢ wavetgth is dedicated to each drop ber pair.
At the Central O ce, a WDM multiplexer manages these sensing signas. At the distribution level, the signals
pass through the passive splitter to the ONUs. Dedicated FBGs at ach ONU re ect speci ¢ wavelengths, creating
independent interferometers for each user that allow for branchdenti cation.

5.3 Integrating SOP sensing into PONs

Current deployed PONs predominantly utilize IMDD. Since IMDD is inher ently blind to polarization states, alter-
native hardware-simpli ed solutions are required to introduce sening capabilities into existing PON infrastructure
without major overhauls. As shown in [20], the installation of a PBS at the ONU side can enable the system to
monitor the SOP evolution of the standard downstream signal, theeby retro tting sensing capabilities onto legacy
networks with minimal architectural intervention. In contrast, w ith the development of next-generation high-speed
PONSs, such as those targeting 50 Gb/s per channel, the anticipateg deployment of coherent transceivers at both the
optical line terminal (OLT) and ONUs presents a built-in sensing oppartunity. The DSP required for coherent data
transmission inherently tracks SOP variations to equalize the signal.Therefore, any physical disturbance a ecting
the ber induces a measurable reaction within the DSP, which allows fo the extraction of sensing data directly
from the transceiver without the need for any multiplexing.

Though forward transmission techniques provide more cost-e etive sensing solutions, they share a common
limitation regarding localization. Unlike DAS, which is capable of mapping events to speci ¢ meter-locations along
the ber, forward transmission-based sensing methods primarily povide event detection and branch identi cation.
We have introduced in Section 3 that event localization in forward sesing systems relies on the time delay of two
counter propagated light beams, which means precise remote cloakynchronization is required in tree-structured
topologies that complicate practical deployment. Consequently, hese technologies are currently best suited for
general network integrity protection and branch-speci c fault id enti cation rather than the precise pinpointing of
disturbances.

6 Architectural trade-o s and performance benchmarking of diverse IOFSAC

6.1 Comparison between FT-OPS and FT-SOPS

Optical phase and SOP represent two main paradigms in coherent ler sensing. Although comparative studies
emphasize the high sensitivity of phase-based techniques and thest-e ective compatibility of SOP-based schemes,
their conclusions often di er depending on the experimental conditons [16,82]. Importantly, the literature lacks a
detailed comparison of how these parameters respond to speci chysical perturbations. Here, we present our recent
work that quanti es and compares the responses of phase and FOunder di erent types of mechanical deformation.
The experimental setup utilizes a polarization-diversity heterodyre detection system. As shown in Figure 26,
an NLL (NKT E15, 100 Hz linewidth) serves as the source, with the sigal path frequency-shifted by 80 MHz
using an AOM. To ensure stable optical properties, a PZT and a polaization squeezer (General Photonics PSY-
201) are arranged in series and enclosed in acrylic to shield from airw. A time-division, independent driving
strategy is used: either the PZT or the rst stage of the squeeze is activated individually to mimic distinct
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Figure 27 (Color online) Spectrograms of the phase and SOP responses t o PZT modulation (a) and squeezer modulation (b). (i) Phase a nd
(ii) SOP responses at 50 Hz; (iii) phase and (iv) SOP response s at 1 kHz.

physical disturbances. CW signals are employed to avoid additional aise from modulation formats and complex
demodulation, enabling focus on the intrinsic response of phase angolarization states to external perturbations.
At the receiver, the signal is acquired by an oscilloscope operatingtaa sampling rate of 200 MHz. O ine DSP
reconstructs the orthogonal Jones vectorsE, and Ey) to derive the full Stokes parameters.

A direct quantitative comparison between the optical phase and tte SOP is inherently challenged by a dimen-
sionality mismatch: phase is a 1D scalar, whereas SOP is a Stokes vecin 3D space. To establish a commensurate
benchmark, we scalarize the SOP perturbation by calculating the at¢ length of its trajectory on the Poincae
sphere [83]. This transformation projects the vector SOP evolutio into a scalar quantity with the unit of ra-
dians, enabling a uni ed assessment of sensitivity and noise levels algside the phase signal. To quantify the
system's detection limit for weak perturbations, we utilize the noise guivalent voltage (NEV), which represents
the input-referred noise level. The NEV is derived by normalizing the gstem's background noise oor against its
responsivity

N oor (f ) .
TR ©

where Nyoor (f) denotes the amplitude spectral density (ASD) of the backgroum noise in the quiescent state
(inrad/  Hz), and R represents the system responsivity,,de ned as the signal amplitde (phase or SOP arc length)
per unit input voltage (in rad/V). The NEV metric (in V/ Hz) thus indicates the minimum input voltage detectable
by the system at a speci ¢ frequency.

To evaluate the system's response to di erent perturbation moddities, a 1-m sensing ber was subjected to axial
strain and lateral compression. Axial strain was simulated by coiling he ber around a PZT, driven by a sinusoidal
voltage sweeping from 20 Hz to 1 kHz with amplitudes ranging from 50¢ 500 mV. Lateral compression was induced
using a mechanical squeezer; to elicit observable polarization e estin this con guration, the driving voltage was
adjusted to a range of 100 to 5000 mV.

Figure 27(a) shows the time-frequency response spectra at regsentative frequencies (50 Hz and 1 kHz). For
PZT-induced axial strain, the phase signal demonstrates a much igher SNR compared to the polarization state
variation (denoted as SOP), whose spectral power is markedly lower. At high-frequency perturbations (1 kHz),
the SOP spectrum reveals clear higher-order harmonics at 2 and 3kHz, manifesting pronounced nonlinearity in
the polarization response.

Conversely, in the Squeezer scenario (Figure 27(b)), the SOP sigal intensity is markedly enhanced. At low
frequencies (50 Hz), the phase sighal becomes virtually indistinguigble from the environmental noise oor, whereas
the SOP signal remains robust. At higher frequencies, both phase and SOP signals maintain high SNRs. Similar
to the PZT case, the Squeezer-induced SOP signal also exhibits rib harmonic components, further con rming
the nonlinear nature of polarization modulation.

We calculated the frequency responsivity R, in rad/V) for both phase and SOP, de ned as the ratio of the
fundamental output amplitude to the input drive voltage. As shown in Figure 28, in the PZT case, the phase
responsivity is orders of magnitude higher than that of SOP. This d isparity arises because the optical phase is
extremely sensitive to axial elongation ( L) due to the short optical wavelength ( = 1550 nm), where a1 m change

NEV(f) =
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Figure 28 (Color online) Frequency response of phase and SOP induced b y PZT modulation (a) and squeezer modulation (b).

Figure 29 (Color online) NEV and noise oor of phase and SOP in PZT and sq ueezer modulation.

induces a phase shift of 4.05 rad. However, it should be noted thathie ber wound around a cylindrical PZT is not
under purely axial strain. In addition to elongation, radial deformation of the cylinder and ber-actuator interaction
can introduce transverse stress and additional birefringence ndulation, which can also a ect the polarization state.
Hence, the result in Figure 28 should be regarded as a comparison der the speci c cylindrical PZT excitation
condition, rather than a strict pure axial-strain sensitivity compar ison.

In contrast, although axial strain induces radial contraction via the Poisson e ect, the circular symmetry of single-
mode ber leads to isotropic deformation. Consequently, the indued stress birefringence is minimal, resulting
in limited SOP evolution. In the squeezer case, the external pressa breaks the ber's cross-sectional circular
symmetry, directly inducing signi cant linear birefringence and causing substantial SOP rotation. In this regime,
the responsivities of phase and SOP are of the same order of magnde.

Finally, the system's detection limit was quanti ed using the NEV, deriv ed from the input-referred noise formula
(see Figure 29). Static noise oor measurements reveal that thephase noise oor is signi cantly higher than
that of SOP. This nding re ects the high sensitivity of the phase s ignal to environmental uctuations, such as
temperature drifts and acoustic vibrations, which act as broadband noise sources.

PZT scenario. The NEV of the polarization state is approximately 8 times higher than that of the phase.
This indicates that phase measurement provides a detection sensiity nearly an order of magnitude better than
SOP measurement for axial strain.

Squeezer scenario. Conversely, in this case, the sensitivity of SOP exceeds that of the phase. While their
responsivities are comparable, SOP bene ts from a cleaner (i.e., lover) noise oor, resulting in a superior detection
limit for weak lateral perturbations. This is consistent with physical expectations: lateral compression primarily
induces radial anisotropy, dominating polarization changes ratherthan axial optical path length variations.
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Figure 30 (Color online) Experimental setup of the hybrid IOFSAC arch itecture [28] Copyright 2025 Optica Publishing Group. RVS: rotated
vector summation.

6.2 Complementarity and comparison between FT-SOPS and DAS

While integrating sensing and communication presents challenges, agparative research highlights the distinct yet
complementary roles of FT-SOPS and DAS. FT-SOPS SOP sensing ea&ls in scalability, cost-e ectiveness, and
the ability to capture integrated stress changes for early warning whereas DAS distinguishes itself through high
sensitivity and precise spatial localization capabilities [84]. These chaacteristics have been validated through long-
term eld studies. In urban terrestrial links, FT-SOPS demonstrated a pronounced early-warning advantage by
detecting disturbances seconds prior to DAS, while also exhibiting elmanced sensitivity to seismic surface waves
and reduced deployment complexity [26]. Similarly, in submarine enviroments, FT-SOPS e ectively captured low-
frequency seismic signatures comparable to DAS, compensatingrfis lack of spatial resolution with high- delity
signal retrieval [85]. These ndings underscore the complementar nature of FT-SOPS and DAS in ber-optic
infrastructure monitoring.

Motivated by these insights, a novel hybrid architecture has beenproposed, wherein FT-SOPS is utilized to
dynamically trigger region-focused DAS as shown in Figure 30 [28]. InHis scheme, the SOP disturbance rate|
extracted from equalizer coe cients in the coherent receiver|se rves as a threshold-based activator, enabling high-
precision echo imaging in targeted segments only when anomalous adty is detected. This \coarse-to- ne" orches-
tration signi cantly mitigates the data processing and power consumption bottlenecks associated with long-haul
DAS operation, maximizes the early-warning advantage of SOP, anensures that ongoing communications remain
una ected by the sensing process. Such an approach exempli ehé synergistic integration of FT-SOPS and DAS,
paving the way for more e cient and scalable ber-optic sensing networks.

7 Future perspectives and technical roadmap

Looking ahead, the development of IOFSAC should progress beyahproof-of-concept demonstrations toward a
more systematic technical roadmap encompassing multi-parametesensing, hybrid sensing architectures, intelligent
data interpretation, and chip-scale implementation.

First, with respect to sensing functionality, current DAS-based IOFSAC schemes are primarily limited to dynamic
vibration monitoring, while direct access to static or quasi-static parameters remains challenging. Incorporating
Brillouin-based sensing represents a promising next step, as Brillouiinteractions are inherently sensitive to tem-
perature and strain and can therefore complement the dynamic sesing capability of DAS. Such integration would
enable IOFSAC systems to evolve from single-parameter vibration ranitoring toward multi-parameter sensing of
vibration, temperature, and strain, thereby laying the groundwork for multi-physics monitoring in optical ber
networks.

Second, from the perspective of communication C sensing integrn, existing standardization e orts have largely

focused on the safe incorporation of sensing functions into comnmication networks, whereas application-driven
sensing metrics|such as localization accuracy, sensitivity, reliability, and latency|remain insu ciently speci ed.
In practical infrastructure-monitoring scenarios, meter-level,and in some cases sub-10-m, fault localization is highly
desirable, yet remains di cult to achieve with many forward-sensing schemes. More broadly, no single sensing
architecture is able to optimize all relevant performance metrics simltaneously. Forward-sensing schemes generally
0 er advantages in signal-to-noise ratio, response bandwidth, ad compatibility with coherent transceivers, whereas
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distributed backscattering-based techniques provide superiorgatial localization. Future IOFSAC systems should
therefore move toward hybrid and hierarchical architectures that combine the complementary strengths of di erent
sensing mechanisms.

Third, future research should extend beyond the detection of plysical disturbances to the intelligent interpretation
of sensing data, particularly through Al/ML-enabled event classi cation and risk assessment. Di erent sensing ar-
chitectures can provide complementary observables, and multi-mdal sensing correspondingly o ers a richer feature
space for machine learning. By leveraging cross-domain feature welations, AI/ML methods have the potential to
improve classi cation accuracy, reduce false alarms, and supponnore reliable risk evaluation.

Finally, the large-scale deployment of IOFSAC will require compact, tip-scale, and standardized implementa-
tions. Photonic integration of sensing and communication functionso ers a viable route to reducing footprint,
power consumption, and hardware complexity, while also enabling tigter system-level co-design. At the same
time, greater standardization of interfaces and functional modues will be essential to support interoperability and
scalable deployment.

8 Conclusion

IOFSAC is emerging as a promising framework for unifying high-speeaptical communication and distributed en-
vironmental sensing. This review has examined three core sensingadalities in this context|DAS, forward OPS,
and forward SOP sensing|and shown that they are best understood as complementary rather than competing ap-
proaches. DAS provides exceptional spatial localization accuracgnd high sensitivity. However, in communication-
integrated scenarios, its deployment is generally restricted to unepeated spans because inline EDFAS in transmission
links are not readily compatible with conventional DAS operation. As aresult, DAS is most naturally suited to sens-
ing over distances on the order of 80 km or below in current unrepdad systems. In contrast, forward-transmission
schemes are naturally suited to extended-reach sensing. Forw@iOPS is particularly attractive for ultra-long-haul
applications such as submarine seismic monitoring, while forward SOPessing o ers fast response and low-cost
implementation, albeit with limited localization capability.

Our experimental comparison further clari es their di erent sensing physics and use cases: FT-OPS is more
sensitive to axial strain, whereas FT-SOPS achieves better detdion limits for lateral compression and transverse
stress due to its lower noise oor and immunity to common-mode envionmental phase noise. Meanwhile, IOFSAC is
evolving beyond point-to-point systems toward point-to-multipoint PON architectures through advances in WDM
and interferometric design. Looking forward, hybrid sensing schemes and intelligent data processing are likely
to de ne the next stage of IOFSAC, establishing it as a key capability of future optical networks for resilient
connectivity and large-scale situational awareness.
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