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Abstract Optical �ber networks serve as the backbone of modern commun ication infrastructure, e�ectively addressing the surgin g
data transmission demands driven by big data, cloud computi ng, and arti�cial intelligence (AI). Beyond their fundamen tal role in
communication, optical �bers inherently possess high-pre cision distributed sensing capabilities. This is because t he external perturbations
modulate light properties during propagation, enabling re liable monitoring in telecom network maintenance, tra�c su rveillance, and
environmental observation. Optical �ber integrated sensi ng and communication (OF-ISAC) technology, which uses the s hared optical
�ber carrier to synergize high-speed data transmission and real-time environmental sensing, has become an indispensa ble solution for
optimizing resource e�ciency and expanding optical networ k functionality. This review systematically synthesizes r ecent research progress
of OF-ISAC, analyzing and discussing its key technical prin ciples, latest research status, typical application scena rios and also summarizes
current challenges alongside future prospects. By providi ng a comprehensive technical overview, this work o�ers tech nical insights into
OF-ISAC for telecom researchers and practitioners, and aim s to further promote the practical application of OF-ISAC.

Keywords optical �ber communication, optical �ber integrated sensi ng and communication, optical �ber forward sensing, distri buted
�ber optic sensing
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1 Introduction

Over the past few decades, rapid growth in information technologyhas caused data tra�c to rise very quickly. The
advent of technologies such as big data, cloud computing, and arti�cial intelligence (AI) has led to an insatiable
demand for high-speed, large-capacity data transmission [1,2]. Fiber-optic communication networks have emerged
as the cornerstone of modern communication infrastructure, playing a pivotal role in meeting this ever-growing
demand. Current �ber-optic communication systems can achieve transmission rates of up to several petabits per
second [3]. The remarkable advantages of low-loss and large bandwidth have made optical �ber the core transmission
medium in access networks, metropolitan area networks, backbone networks, and even transoceanic communication
networks [4, 5]. According to industry statistics, the global deployment of optical �ber cables has reached an
astonishing scale. By the end of 2024, the total length of optical �ber cables deployed globally has exceeded
5 billion kilometers [6]. This extensive �ber-optic network coverage has laid a solid foundation for the development
of global communication and information technology. In addition to acting as the transmission medium in �ber-optic
communication networks, optical �ber can also act as the sensing medium in optical �ber sensors [7{ 9].

Fiber-optic sensing technology operates based on the modulation e�ect of external factors (such as temperature,
pressure, strain, and vibration) on the characteristics of optical �bers. When light propagates in an optical �ber,
changes in the external environment will cause variations in parameters like the refractive index, length, and
diameter of the �ber. These variations further a�ect the proper ties of the transmitted light, including intensity,
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phase, frequency, and polarization state [10{ 13]. By analyzing the changes in the forward transmitted light or
backscattered light (such as Rayleigh scattering, Raman scattering, and Brillouin scattering) parameters, high-
precision measurement of the external physical quantities can beachieved. There are two main types of �ber-optic
sensing technologies that can be adapted to �ber-optic communication networks: forward optical �ber sensing
(FOFS) and backward optical �ber sensing (BOFS).

FOFS technology mainly uses the same optical channels in the communication network for sensing signal trans-
mission. This technology o�ers the advantages of high sensitivity and compatibility with digital signal processing
(DSP) employed in optical �ber communication. However, its positioning accuracy is relatively low when compared
to the BOFS, which uses OFDR technology to achieve mm-level precision. Due to the limitations of signal transmis-
sion and processing methods, it remains challenging to accurately determine the speci�c location of multiple events
that induce changes in sensing signals. This constraint restricts itsapplication in scenarios requiring high-precision
positioning. BOFS technology, on the other hand, can realize full linkmonitoring by utilizing the network's existing
optical communication cables. It does not require additional dedicated sensing �bers, which greatly reduces the
construction cost and complexity of the sensing system. This technology achieves location by detecting the time
delay or frequency shift of the backscattered light along the optical �ber. It can monitor physical quantities (such
as temperature, strain, and vibration) at any point along the optical �ber, with a positioning accuracy that can
reach the meter level or even higher. However, compared with FOFS technology, its sensitivity is slightly lower,
and it may have certain di�culties in detecting extremely weak signals.

From the perspective of the compatibility of physical media and signal processing mechanisms, optical �ber
sensing and communication systems share the same physical carrier-optical �ber [ 14{ 22]. This inherent commonality
provides a favorable foundation for their integration. In the early stages of the development of these two technologies,
there were already attempts to combine them. As early as 1988, Chen and his research team conducted a pioneering
study [23]. They utilized the high-order mode sensitivity characteristic of short-wavelength light sources to realize
strain monitoring while maintaining the normal communication function of the optical �ber system. This early
research achievement veri�ed the feasibility of integrating �ber-optic sensing and communication technologies.

With the continuous advancement of related technologies such as optoelectronic devices, signal processing algo-
rithms, and optical �ber manufacturing processes, the technical conditions for the in-depth integration of optical
�ber sensing and communication have become increasingly mature. The demand for more e�cient, 
exible, and
low-cost information acquisition and transmission solutions in variousapplication �elds constantly drives the combi-
nation of these two technologies. Therefore, the development ofoptical �ber integrated sensing and communication
(OF-ISAC) is not an accidental choice but an inevitable trend in the evolution of optical �ber technology.

This work will focus on OF-ISAC and conduct a comprehensive reviewof this technology. Based on the existing
literature, the OF-ISAC technology is categorized into two main types: backscattering-based OF-ISAC systems
and forward sensing-based OF-ISAC systems, as illustrated in Figure 1. Accordingly, the structure of this work is
organized as follows.

Section 2 reviews backscattering-based OF-ISAC systems, including both Rayleigh backscattering-based schemes
and Brillouin backscattering-enabled approaches. For Rayleigh-based systems, a comparative analysis is organized
along two dimensions: sensing architecture and sensing hardware source and spectrum utilization strategies. In
terms of sensing architecture, communication and sensing signals can be co-propagating or counter-propagating. Re-
garding sensing hardware and spectrum utilization, methods such as time-division multiplexing (TDM), wavelength-
division multiplexing (WDM), and polarization-division multiplexing (PDM) e nable multiplexing but at the cost
of reduced spectral e�ciency and additional equipment. More advanced strategies, including linear frequency-
modulated optical carriers (LFM), digital subcarrier multiplexing (D SCM), space-division multiplexing (SDM),
and directly using the Rayleigh backscattering of communication signals for sensing, are also introduced to enhance
resource sharing and improve overall system e�ciency.

Section 3 is dedicated to the review of forward sensing-based OF-ISAC systems. This section is organized
into three parts, providing a systematic analysis of the technological aspects of forward sensing integrated with
communication. The �rst part focuses on the fundamental principles and representative applications of polarization-
based OF-ISAC schemes. The second part examines phase-basedapproaches, highlighting their inherent capability
for high-precision sensing and the diversity of system architectures. These sections also explore the potential
of emerging OF-ISAC technologies, such as WDM, SDM, and time-frequency multiplexing (TFM), as innovative
sensing solutions. Additionally, they cover transmission con�gurations (bidirectional and loop setups) and receiver
detection methods (coherent and direct detection), with a consistent emphasis on core sensing principles. The
third part expands the scope to communication-driven sensing mechanisms based on DSP techniques. This includes
discussions on pilot-tone (PT)-based OF-ISAC sensing and power pro�le estimation (PPE)-based quasi-OF-ISAC
methods, which have shown great potential as innovative sensing solutions. Within the realm of PPE, existing
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Figure 1 (Color online) Types of OF-ISAC technologies.

approaches can be broadly categorized into three main types: correlation method-based PPE (CM-PPE), minimum
mean square error-based PPE (MMSE-PPE), and digital backpropagation-assisted PPE (DBP-PPE).

Through this comprehensive review, it is expected to provide a clearunderstanding of the current development
status, key technologies, and application prospects of OF-ISAC for researchers and practitioners in related �elds,
and promote the further development and application of this technology.

2 Backscattering-based integrated sensing and communicat ion

Backscattering-based OF-ISAC represents a key research direction in OF-ISAC. This approach leverages intrinsic
Rayleigh or Brillouin scattering within optical �bers to realize simultane ous data transmission and environmen-
tal sensing over a shared link, maintaining communication performance while enabling distributed monitoring.
Compared with forward-sensing OF-ISAC systems, backscattering-based schemes o�er distinct advantages such as
distributed sensing capability, low cost, and high reliability, making them particularly suitable for wide-area network
applications.

In the existing literature, classi�cation standards for backscattering-based OF-ISAC systems vary across studies.
Depending on the research focus, these systems can be categorized from multiple perspectives. From the standpoint
of scattering mechanisms, they include Rayleigh- and Brillouin-basedsensing systems. In terms of sensing archi-
tecture, they can be divided into co-directional and counter-directional con�gurations. According to the extent of
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resource sharing, solutions can be further distinguished by whether they share only the �ber link or additional hard-
ware components, such as light sources or modulators. Finally, from a spectral utilization perspective, OF-ISAC
schemes can be classi�ed as spectrum-sharing or independently multiplexed systems.

From the perspective of backscattering mechanisms, Rayleigh, Brillouin, and Raman e�ects exhibit distinct
sensing principles and applications. Rayleigh scattering relies on elastic light scattering, where environmental per-
turbations cause phase or intensity changes in the backscattered signal|ideal for vibration and acoustic monitoring.
Brillouin scattering involves inelastic photon-phonon interactions, with frequency shifts proportional to strain and
temperature, enabling distributed parameter measurement. Raman scattering arises from photon-molecule energy
exchanges; by measuring the anti-Stokes to Stokes intensity ratio, accurate distributed temperature sensing can be
achieved.

From the perspective of physical mechanisms and system compatibility, Rayleigh scattering is an elastic process
without frequency shift, o�ering high compatibility with communicatio n signals and standard optical components.
In contrast, Brillouin and Raman scattering are inelastic processesthat require high-power pump sources and special-
ized detection systems, making them more susceptible to nonlinear crosstalk, cross-gain, and channel interference,
thus less compatible with communication systems. In current OF-ISAC research, Rayleigh-based distributed sensing
dominates due to its simplicity and compatibility, while Brillouin systems ar e mainly employed for high-precision
temperature and strain measurements with weaker communicationcoupling. And since Raman scattering-based
backscattering OF-ISAC technology remains a blank research �eldcurrently, with no relevant mature studies, core
performance parameters, or practical application cases reported, it is expected to be further explored in future
research. This section focuses on backscattering-based OF-ISAC, analyzing it from the perspectives of sensing
architecture as well as sensing hardware and spectrum utilization strategies.

2.1 Rayleigh backscattering-based OF-ISAC

Rayleigh backscattering-based OF-ISAC is currently one of the most mature and widely studied approaches. It
relies on the elastic scattering of light caused by microscopic refractive index 
uctuations in optical �bers, producing
backscattered signals that are highly sensitive to external vibrations and acoustic waves.

2.1.1 Research on sensing architecture

In Rayleigh backscattering-based OF-ISAC systems, the sensingsignals used in conventional distributed acoustic
sensing (DAS) typically exhibit much higher power density over shortdurations than coherent communication sig-
nals. When both signals co-propagate in the same �ber, strong nonlinear e�ects induce severe crosstalk, preventing
simultaneous high-speed communication and high-precision sensing.High-power sensing pulses degrade the com-
munication signal-to-noise ratio, while high-speed communication signals generate stray light that obscures sensing
responses. Consequently, suppressing nonlinear interference has become a key research focus in �ber-based OF-
ISAC systems. To mitigate this issue, counter-propagating architectures have been proposed, where communication
and sensing signals travel in opposite directions, leveraging opticalpath separation to reduce mutual interference.

Here are the experiments of counter-propagating structures. In 2019, Huang et al. from NEC Laboratories
demonstrated an OF-ISAC system that reserved three 50-GHz optical bands in the C-band for sensing. As depicted
in Figure 2, communication and sensing signals were multiplexed using a wavelength-selective switch and transmitted
in opposite directions, enabling simultaneous road tra�c and condition monitoring [24,25]. The system achieved a
transmission capacity of 36.8 Tb/s and a spectral e�ciency of 8.28 b/s/Hz using DP-144 QAM over 110 km, while
the sensing link provided a 55 km range with an accuracy of 94.5% for moving vehicle density measurement and
98.5% for speed measurement.

One test channel adjacent to the sensing signal (Figure2(a)) was measured. As shown in Figure3, the received PS
DP-144QAM constellation after coherent detection and o�ine DSP exhibited BERs of 3 � 10� 3 (back-to-back) and
1:5 � 10� 2 (after transmission), respectively, indicating minimal impact from high-power sensing signals. Vehicle
counting and speed estimation were realized by detecting vibrationsthrough roadside �bers. Figure 4 presents
vehicle volume and average speed data on a three-lane expresswaynear Rt.75 in Texas. Video analysis over a
5-minute interval validated the sensing results, showing less than 1.5% deviation in average speed and under 6.5%
error in total vehicle count. This demonstrates the potential of telecom �ber infrastructure as a sensing network
for future smart city applications.

In 2020, Aono et al. proposed a similar bidirectional WDM-based OF-ISAC architecture, where counter-
propagating communication and sensing signals mitigated nonlinear interference, enabling intrusion detection, tra�c
monitoring, and infrastructure diagnostics [26]. As illustrated in Figure 5, two communication sites were intercon-
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Figure 2 (Color online) Experimental setup from Huang et al. Schemat ic spectrum of (a) communication signals and (b) received da ta and
sensing signals; (c) sensing signal along the route [ 24].

Figure 3 (Color online) Constellation diagram of the transmission c hannel for (a) back-to-back and (b) after 110-km transmissi on [24].

Figure 4 (Color online) Road tra�c monitoring. (a) Example of vehicl e counting and speed estimation; comparison between �ber se nsing and
video for (b) tra�c and (c) speed counts; (d) 5-day road tra�c monitoring by �ber sensing system [ 24].

nected via paired �bers, supporting bidirectional data transmission and dual-path sensing for enhanced reliability
and environmental monitoring.

However, bidirectional transmission requires optical transmitters and receivers at both �ber ends, as well as
multiple wavelength-selective switches, resulting in increased hardware complexity, cost, and footprint. Moreover,
precise synchronization and power control are required at both ends, and the added optical circulators introduce
extra loss|on top of an already-weak backscattered signal|so th e bidirectional path budget becomes even tighter
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Figure 5 (Color online) Bidirectional dual-usage architecture fro m Aono et al. [ 26].

Figure 6 (Color online) The network con�guration of the PON scheme fr om Ran et al. [ 27].

and thus limits the sensing reach. In contrast, although co-propagating transmission su�ers from stronger nonlinear
interference, it o�ers clear advantages in hardware sharing, system simplicity, and full-link sensing capability,
signi�cantly reducing overall cost. Consequently, co-propagating transmission remains the predominant approach
for realizing OF-ISAC systems.

Researchers have conducted numerous studies in the �eld of co-propagating transmission OF-ISAC systems. In
2009, Ran et al. introduced a phase-sensitive optical time-domain re
ectometer (�-OTDR) into passive optical
networks (PONs) for branch fault localization and intrusion detection [27]. As shown in Figure 6, the EPON
used 1310 nm and 1490 nm for uplink and downlink communication, and 1550 nm for sensing. Figure7 showed
that simulated human intrusions at 6.8 km and 5 km on two sensing lines were clearly detected from �-OTDR
traces averaged 16 times. To verify fault localization, �ber micro-bends at 12.5 km (branch) and 1.7 km (trunk)
were tested, with fault positions accurately identi�ed from �-OTDR curves, as depicted in Figure8. The system
successfully detected simulated intrusions and micro-bend faults with a spatial resolution of 100 m.

Because OTDR equipment is too expensive, and PON is price sensitive.In 2021, Ip et al. proposed a novel
co-propagating communication-sensing system for PONs [28,29], where a low-cost re
ective semiconductor optical
ampli�er (RSOA) was installed at each ONU as illustrated in Figure 9. The RSOA re
ected and ampli�ed the
Rayleigh backscattered pulses, enabling DAS with a pressure sensitivity of 0.35 n" /

p
Hz. Although the design could

distinguish vibration events across di�erent sensing branches, it required a central controller to coordinate RSOA
operation, increasing system complexity.
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Figure 7 (Color online) Intrusions detected at (a) 6.8 km of sensing l ine 1 at ONU1 and (b) 5 km of sensing line 2 at ONU2 [ 27].

Figure 8 (Color online) Fiber-faults detected at (a) branch of ONU1 a nd (b) trunk; (c) intrusion was detected at 5 km in the �ber fro m OLT
to ONU [ 27].

Figure 9 (Color online) Experimental setup for a DFOS-compatible PO N from Ip et al. [ 28].

Addressing the prior complexity issue, subsequent research focused on direct integration of DAS into existing
commercial PON infrastructures. In 2025, Straub et al. from Bell Labs used DAS equipment to inject 1550 nm
sensing signals into a commercial 25G PON system, while the existing 1358 nm downstream and 1286 nm upstream
channels handled data transmission [30]. Over a � 7 km �ber, DAS sensing with a gauge length of 6{10 m produced
clear and reliable vibration measurements, as shown in Figure10, even behind a 1� 4 splitter, without causing any
degradation to the GPON data tra�c, which is illustrated in Figure 11.
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Figure 10 (Color online) DAS traces and corresponding location map fr om Straub et al. [ 30].

Figure 11 (Color online) US and DS codeword error rates of 25G-PON with and without DAS co-existence [ 30].

Another perspective in communication-sensing integration research focuses on bidirectional co-propagation based
on OF-ISAC, which pursues higher sensing sensitivity and transmission capacity while facing new technical trade-
o�s. In 2022, Ip et al. demonstrated a bidirectional co-propagating OF-ISAC system, deploying a 15.6 MHz sensing
tone at the edge of a 32-GBaud DP-16QAM signal band, with laser sources and coherent receivers at both east and
west sites [31]. The experimental setup is presented in Figure12. Each site was equipped with a laser source and
coherent receiver; the west-to-east communication signal was detected by a homodyne coherent receiver, while the
Rayleigh backscattered signal was coherently received at the west site. A 200 Gbit/s bidirectional transmission over
4.8 km was achieved, with sensing sensitivity below 20 p" /

p
Hz and 13.3 m spatial resolution. As shown in Figure

13, two PZTs spaced� 100 m apart generated 1866 and 1267 Hz vibrations, both clearly identi�ed by the DAS. To
mitigate frequency and phase noise from separate lasers, a pilot 5 dB weaker than the sensing signal was inserted
in the 16.7 GHz band for correlation detection, e�ectively eliminating laser phase noise. However, the added pilot
reduced spectral e�ciency and increased system cost.

In the same year, as shown in Figure14, Guerrier et al. from Bell Labs demonstrated a co-propagating, non-
intrusive �ber sensing system [32], capable of accurately detecting real vibrations within a 600-Hz bandwidth over
82 km without degrading the communication signal-to-noise ratio (SNR). This structure has a longer communicating
and sensing range than Ip's experiments. As depicted in Figure15, the backscattered phase standard deviation
clearly indicated the disturbance, con�rmed by the phase power spectral density. What's more, Figure 16 showed
that the measured 600 Gb/s communication SNR remained unchanged when the sensing signal was switched on
or o�. However, the system relied on coherent detection and low-peak-power probes, limiting its sensing distance.
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Figure 12 (Color online) Experimental setup for the self-homodyne co herent detection from Ip et al. [ 31].

Figure 13 (Color online) Experimental results. (a) Phase spectrum; ( b) phase spectra at the location of the two PZTs [ 31].

Figure 14 (Color online) Experimental setup of co-propagating chann els over an 82 km-long span from Guerrier et al. [ 32].

Figure 15 (Color online) Detection and localization of machinery noi se near a telecom cable after (a) 400 m, (b) 31 km, (c) 81 km SSMF ;
(d) power spectral density of di�erential phase at detectio n peak location: identi�cation of the disturbance [ 32].
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Figure 16 (Color online) Measured SNR of channels under test with and w ithout sensing signals [ 32].

Figure 17 (Color online) Experimental setup from Ip et al. [ 34].

Shen et al. from Wuhan FiberHome Telecommunication Technologies Co., Ltd. demonstrated co-propagation
of an L-band chirped-pulse DAS system with 100-Gb/s WDM channelsover 50 km of �ber [33]. By employing
chirped-pulse modulation, the system maintained stable data transmission performance while accurately localizing
PZT-induced vibrations at the �ber end with 10-m spatial resolution .

In order to further expand transmission distance and capacity, in2023, Ip et al. further proposed a co-propagating
OF-ISAC system based on a coherent transponder, where frequency-diverse chirped pulses and bidirectional Raman
ampli�cation signi�cantly improved SNR. Amplitude shaping with raised- cosine edges was used to mitigate cross-
phase modulation (XPM) between co-propagating data channels. As illustrated in Figure 17, the experiment setup
showed the co-propagation of a CP-DAS sensing channel with 50� DWDM transmission emulated using a real-time
200-Gb/s coherent transponder and noise loading, which achievedDAS over 1000 km with a 10-Tb/s DP-16QAM
communication signals, yielding� 100 p" /

p
Hz sensitivity and 20-m spatial resolution [34].

In addition, hollow-core �bers (HCF) o�er signi�cantly better tran smission performance than conventional SMF,
including about 31% lower propagation delay, transmission loss below 0.11 dB/km [ 35], and reduced nonlinear
e�ects [36]. In 2024, the Ip team calculated that the Rayleigh backscatteringcoe�cient of HCF was only � 1% of
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Figure 18 (Color online) Experimental setup for simultaneous DAS and WDM transmission over �eld-deployed HCF from Ip et al. [ 37].

Figure 19 (Color online) Experimental results for simultaneous DAS a nd WDM transmission over �eld-deployed HCF from Ip et al. [ 37].

that of standard SMF [37]. By applying techniques such as angled splicing to suppress Fresnelre
ections at the
hollow-core/solid-core interface, they demonstrated the integration of DAS sensing and DWDM communication in
an HCF. In the experiment illustrated in Figure 18, a 1.3 km HCF carried 24 WDM channels at 400 Gb/s 16QAM
with 100 GHz spacing, while a 1550.12 nm signal was used for sensing. The results in Figure19 show that channels
at shorter wavelengths exhibited higher pre-FEC BER due to largerend-to-end loss; however, all channels achieved
zero post-FEC errors. The system also detected real-world vibration events at 390 and 1210 m with a 19.2 m gauge
length, con�rming the feasibility of combining high-capacity DWDM tra nsmission with distributed sensing in HCF.

Beyond applications in intrusion detection, environmental monitoring, and tra�c surveillance, OF-ISAC systems
have also been extended to seismic and marine monitoring.

In 2018, the German Research Centre for Geosciences, together with several institutions, utilized a 15-km commu-
nication �ber to detect signals from both human and natural activit ies (from 0.05 to> 100 Hz), achieving meter-level
spatial-temporal seismic reconstruction [38]. For enlarging the detected range, enhancing engineering practicality,
and improving monitoring accuracy, in 2022, Chen et al. from Sun Yat-sen University employed commercial WDM
communication �bers for real-time ocean observation over 200 km,successfully capturing ocean waves, micro-
seisms, and ship movements without disrupting data transmission [39]. In 2025, Marin et al. from Saudi Arabia
demonstrated AI-assisted integration of DAS and optical communication for marine soundscape monitoring [40].
A convolutional neural network (CNN)-enhanced DAS operating at 1550 nm was co-propagated with a 1310 nm
OFDM-based WDM communication channel. Over a 1-km �ber link, the system achieved a 9.38 dB SNR for DAS
detection and data rates up to 7.59 Gbps. The CNN-enabled sensingsuccessfully identi�ed and classi�ed acoustic
signatures of four marine species with an accuracy of� 85%, achieving long-distance underwater acoustic monitoring
without major infrastructure modi�cations.

Besides, dark optical �bers have also been used for underwater seismic sensing. Dark �ber refers to unused optical
�ber cables that have been installed but are not yet transmitting data. As part of the existing communication
infrastructure, these �bers remain \dark" until activated with t ransmission equipment. They can also function
as large-scale sensing media|for example, in 2019, researchers from Lawrence Berkeley National Laboratory and
the University of California demonstrated DAS over deployed dark �bers for broadband seismic and near-surface
soil monitoring [41]. The key advantages of dark �bers, as mentioned in this article, include the elimination of
new installation requirements, no occupation of communication resources, and the enablement of large-scale, high-
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Figure 20 (Color online) Adaptive equalizer sensing-communication trade-o� from Rode et al. [ 44].

resolution seismic and hydrological sensing. Using 27 km dark �bers with 2 m spatial sampling, they observed
watershed-scale hydrological variations and recorded the M8.1 Chiapas, Mexico earthquake on September 8, 2017.
After that, they later extended this concept to submarine dark � bers for oceanic and solid-earth monitoring,
successfully detecting the strike-slip earthquake near Gilroy, California, on March 11, 2018 [42]. In the same year,
Caltech's Seismology Laboratory employed o�shore telecommunication dark �bers near Belgium to monitor the
August 19, 2018 Fiji deep earthquake using DAS [43].

While the backscatter-based approaches used in the aforementioned papers can provide accurate and spatially
resolved sensing information, they su�er from several drawbacks. To resolve the trade-o� between estimation
accuracy and noise tolerance in traditional equalizers, machine learning has been introduced.

In 2025, Rode et al. integrated communication and sensing by reusing the �ber's state of polarization (SOP)
and receiver-side DSP, removing the need for extra hardware or bandwidth [44]. The proposed LMS-ZF weighted
interpolation scheme combines the least mean square (LMS) method's strong noise suppression with zero-forcing
(ZF)'s precise channel estimation, allowing adaptive performance tuning. Simulation results with a 1000 km �ber
link using 100-GBaud 64-QAM and 25 dB additive white Gaussian noise are shown in Figure20. With a weight
factor of 0.25, the communication SNR increased from 18 dB to 23 dBcompared with pure ZF, while the sensing
MSE decreased, yielding higher sensing accuracy. Furthermore, the variational autoencoder (VAE)-based model
enabled pilot-free blind channel estimation and equalization. It improved spectral e�ciency by 5%{10% compared
with traditional LMS and ZF methods that need numerous pilots. Conventional distributed polarization sensing
using inverse scattering algorithms (ISAs) often fails in noisy conditions. As shown in Figure21, under moderate
noise (� 2 = 0 :01), the physics-based machine learning (PML) method accuratelylocated �ber disturbances (� (2 ;k ) )
and achieved robust distributed polarization sensing in noisy environments for the �rst time.

In summary, OF-ISAC has been widely studied across various applications, enhancing both daily life and industrial
operations. According to the employed sensing architecture, research on Rayleigh backscattering-based OF-ISAC
can be broadly categorized into two primary approaches: counter-propagation and co-propagation. Each o�ers
distinct advantages in system performance and application scenarios. Table 1 in the appendix provides a brief
summary of OF-ISAC techniques based on di�erent sensing architectures.

As summarized in the Table 1 in the appendix, counter-propagation schemes e�ectively suppress nonlinear inter-
ference but face scalability challenges due to additional hardware,strict control, and loss limitations. In contrast,
co-propagation schemes are better suited for full-link coverage,hardware sharing, and simpli�ed architecture. In
general, these approaches have advanced the practical development of OF-ISAC.

2.1.2 Research on sensing hardware and spectrum utilization strategies

In the aforementioned schemes, sensing signals occupy portions of the communication spectrum, leading to reduced
spectral e�ciency. In practical deployments, dedicated wavelength channels are often reserved for sensing to mitigate
crosstalk, which is undesirable for telecom operators. Moreover,in most existing OF-ISAC systems, the sensing
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Figure 21 (Color online) Numerical results under various methods and noise levels [ 44].

Figure 22 (Color online) Experimental setup for the SSB modulation sy stem from He et al. [ 45].

and communication functions operate independently while merely sharing the same �ber infrastructure, thereby
increasing hardware complexity, cost, and system footprint.

Therefore, a key ongoing research direction in OF-ISAC is the jointoptimization of sensing performance and
communication quality under shared spectral and hardware resources, aiming for a Pareto-optimal trade-o�. To
enhance transmission performance in OF-ISAC systems, improve spectral e�ciency, and reduce implementation
costs, techniques including LFM optical carriers and DSCM have been proposed.

LFM optical carriers can e�ectively suppress stimulated Brillouin scattering (SBS), increase the allowable trans-
mission power, enhance self-phase modulation (SPM), and reduce power fading induced by chromatic dispersion
(CD), thereby improving the overall SNR.

In 2023, He et al. employed single-sideband (SSB) modulation to generate an LFM optical carrier as a sensing
probe. As shown in Figure22, over a 24.5 km �ber link, the system achieved a 57 Gbit/s PAM4 data rate, with
a 7 dB improvement in optimal launch power and a 1.3 dB enhancement intransmission performance compared
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Figure 23 (Color online) (a) Frame structure composed of OF-ISAC head er and telecom payload; (b) frequency multiplexed LFM pilot s;
(c) data frames in time and frequency domain [ 46].

Figure 24 (Color online) 60-GBaud 16-QAM OF-ISAC experiment setup fr om Wang et al. [ 46].

with conventional PAM4 signals. Concurrently, the sensing function achieved a spatial resolution of 4 m, a strain
resolution of 4.32 n" /

p
Hz, and a vibration frequency response exceeding 21 kHz [45].

Moreover, LFM-based sensing signals can be embedded within the central spectrum of communication subcarriers,
enabling single-channel spectral multiplexing of sensing and communication. This approach realizes simultaneous
transmission and sensing without additional bandwidth consumption, thereby enhancing spectral e�ciency.

In 2024, Wang et al. proposed embedding an LFM sensing probe withinthe training sequence of communication
data frames (as presented in Figure23), enabling simultaneous 60-GBaud 16-QAM data transmission and vibration
sensing with 0.5 m spatial resolution over 10 km of �ber [46]. As depicted in Figure 24, this scheme allows
communication and sensing to share both spectral resources andthe transmitter, signi�cantly reducing system
cost while improving DAS spatial resolution. The study also analyzed the sensing-to-telecom power ratio (STPR),
showing that excessive STPR degrades communication performance. As shown in Figures25(a) and (b), an 800 Hz
vibration was successfully demodulated with a 21 dB power spectrumdensity (PSD) SNR at STPR = 8 dB. Figure
25(c) shows that when STPR = 8 dB, both sensing and communication performance achieve an optimal balance.

DSCM technology distributes data across multiple low-baud-rate subcarriers instead of a single high-baud-rate
carrier, enabling digital multiplexing so that sensing and communication signals can share the same transmitter.
This approach eliminates the need for separate transmitters, simplifying the system and reducing hardware cost. The

exible subcarrier allocation allows precise spectral tuning to meet various signal requirements, thereby enhancing
spectrum utilization. Owing to this 
exibility and compatibility with moder n coherent architectures, DSCM systems
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Figure 25 (Color online) (a) Demodulated waterfall plot and (b) phase variation along the �ber at STPR = 8 dB; (c) the BER performanc e
of telecom payloads and sensing PSD SNR performance with the change of STPR [ 46].

Figure 26 (Color online) Experimental setup from Hu et al. [ 47].

Figure 27 (Color online) (a) Theoretical and (b) experimental PSLR of the FrFT-DC signal [ 47].

are particularly suited for cost-sensitive sensing and communication applications.
In 2023, Hu et al. from Huazhong University of Science and Technology integrated the spectrum of digitally

generated LFM sensing signals into DSCM signals with relevant details presented in Figure26, enabling a shared
transmitter for distributed vibration sensing (DVS) and communica tion based on Rayleigh-scattering phase demod-
ulation [47]. For continuous LFM probe generation, they adopted a 0.4-orderfractional Fourier transform (FrFT),
which led to a theoretical peak side-lobe ratio (PSLR) of � 140 dB and an experimental PSLR above 60 dB as
illustrated in Figure 27. To simulate external vibrations, a 15 m PZT-wrapped �ber was utiliz ed, and clear 1 kHz
sinusoidal responses with 4 m spatial resolution were achieved, as depicted in Figure 28. The system accurately
recovered vibration frequencies of 0.5, 1, and 2 kHz without harmonics and showed linear strain response for both
16QAM and QPSK, which is shown in Figure 29. Experimental results demonstrated a spatial resolution of 4 m
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Figure 28 (Color online) (a) 3D view of the demodulated vibration phas e in time-distance plane; (b) phase PSD along the sensing �be r [ 47].

Figure 29 (Color online) Vibration phase demodulation at di�erent fr equencies for (a) 16QAM and (b) QPSK; PSD of phases for (c) 16Q AM
and (d) QPSK [ 47].

and DAS sensitivity of 69 p" /
p

Hz under 100 Gb/s DP-QPSK transmission over 10 km �ber, and 88 p" /
p

Hz under
200 Gb/s 16QAM operation. However, the dedicated sub-band allocated for sensing resulted in limited spectral e�-
ciency. In 2024, Hu et al. further optimized the frequency-divisionmultiplexing (FDM) structure of the synchronous
FrFT-based training sequence (TS) used for communication, enabling joint sensing without allocating additional
sub-bands while still compensating for time-frequency o�sets [48]. Experiments achieved a spatial resolution of 5 m
and sensitivity of 70 p" /

p
Hz over 10 km single-mode �ber at a 100 Gb/s 16QAM data rate. However, improving

sensor SNR requires signal processing techniques such as moving rotational vector averaging (MRVA), which reduce
the system's e�ective number of bits (ENOB) and signi�cantly increa se quantization noise, potentially degrading
the detection accuracy of weak signals like low-amplitude, high-frequency vibrations.

In addition, space-division multiplexing (SDM) has emerged as an e�ective means to enhance the overall spectral
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Figure 30 (Color online) Operational design of F-OF-ISAC coexistenc e over the TMF from Mar��n et al. [ 49].

Figure 31 (Color online) DAS impact on OFDM. (a) SNR at di�erent freque ncies; (b) maximum subcarrier achievable spectral e�cienc y
compared with the used spectral e�ciency [ 49].

e�ciency of ISAC systems. SDM exploits the spatial dimension of light, enabling multiple data streams to prop-
agate simultaneously within a single optical �ber. This not only increases transmission capacity but also allows
communication and sensing signals to coexist on distinct spatial channels. To support SDM, various types of �bers
have been developed, including few-mode �bers (FMFs), multi-mode�bers (MMFs), and multi-core �bers (MCFs).
FMFs and MMFs transmit multiple spatial modes within a single core, whereas MCFs achieve parallel transmission
through multiple physically isolated cores embedded in the same cladding.

In 2022, as illustrated in Figure 30, Mar��n et al. demonstrated an OF-ISAC system using a two-mode �ber (TMF)
[49]. In this proof-of-concept, the LP11a mode was employed for DAS, while theLP01 mode carried communication
signals modulated with on-o� keying (OOK) or orthogonal frequency-division multiplexing (OFDM). The TMF
provides a balance between single-mode and multi-mode �bers, o�ering a higher nonlinear power threshold and
lower intermodal crosstalk. As shown in Figure 31, introducing the DAS signal a�ected only frequencies below
300 MHz, reducing the overall capacity by about 6% (from 6.5 to 6.1 Gbps). Using a bit-loading scheme, the
system achieved a gross data rate of 4.2 Gbps with a BER of 3:2 � 10� 3. Over a 1 km link, vibrations at 500
and 800 Hz were clearly detected and localized with an SNR above 2 dB,as depicted in Figure32. In 2023, the
same group further combined the Kramers-Kronig (KK) reception technique with the TMF system, enabling the
co-transmission of DAS and KK-based communication over a 1 km link,achieving an SNR of DAS of more than
2 dB and a total data rate of 2.04 Gbps [50].

In 2023, as shown in Figure33, Chen et al. demonstrated a deployable system integrating DVS andcommunication
using a seven-core �ber for urban tra�c monitoring, which even realized the capacity of 200 Tb/s [51]. One core
was designated for sensing, while the remaining six supported bidirectional data transmission. Owing to the low
inter-core crosstalk of weakly coupled �bers, the system e�ectively detected vibrations from subway operations,
achieving a sensing sensitivity of 15.9 dB rel.p"/

p
Hz. Operating at a communication wavelength of 1550.92 nm,

the system maintained stable performance with an average BER of 8:55� 10� 3 (sensing enabled) and 8:50� 10� 3

(sensing disabled), showing only 0.58% 
uctuation, indicating negligibleperformance degradation.
Other approaches have also been explored to enhance spectral e�ciency. For instance, by directly utilizing

the backscattered components of communication signals for sensing, e�cient OF-ISAC can be achieved without
introducing additional probe signals. This approach results in a morecompact system architecture and signi�cantly
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Figure 32 (Color online) Vibration position information and power sp ectrum of the 500 Hz (800 Hz) detected (a) (respectively (d)) by DAS
only (b) (respectively (e)) with OOK, and (c) (respectively (f)) with OFDM; (g) SNR values of the DAS system [ 49].

Figure 33 (Color online) The con�guration of the OF-ISAC experiment i n seven-core �ber from Chen et al. [ 51].

reduces hardware costs.
In 2007, Mulder et al. [52] proposed a non-intrusive OTDR technique based on negative-step optical excitation,

utilizing re
ection signals from existing data bursts in TDM networks t o enable simultaneous service transmission
and �ber monitoring. In a gigabit passive optical network (GPON) setup with a 5 MHz reception bandwidth and
3 dBm excitation power, simulations showed that two re
ectors 15 m apart at 10 km could be clearly resolved,
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Figure 34 Experimental setup from Martins et al. [ 54].

Figure 35 (Color online) Phase variation of the signal when a 500 Hz str ain variation is applied to the �ber sections 1, 2, 3. (a) Phas e
variation of di�erent points over time; (b) 3D representati on of the phase variation along the �ber over time [ 54].

achieving a sensitivity of � 74.7 dBm after averaging 50000 measurements. In the same year,Takushima and
Chung [53] demonstrated a WDM-PON re
ectometry method that directly us ed 1.25 Gbit/s NRZ communication
signals as probes, obtaining re
ection pro�les through cross-correlation of transmitted and back-re
ected signals.
However, the dynamic range was limited by background noise from the imperfect autocorrelation of the data
sequence.

In 2016, the value of the spatial resolution from this method has been greatly reduced. As presented in Figure
34, Martins et al. [ 54] used the backscattered light of real-time PSK data in active channels for distributed sensing,
achieving 2.5 cm spatial resolution and 125 kHz sampling over 500 m for500 Hz strain signals. Three �ber sections
of 2.5, 5, and 2.5 cm were placed near the �ber end, separated by� 20 cm. As shown in Figure35(a), when a 500 Hz
sinusoidal strain was applied, the strained sections exhibited clear sinusoidal phase variations, while the unstrained
regions remained stable, accurately revealing both the spatial location and temporal evolution of the strain.

Besides these, in 2025, Liu et al. from Hong Kong Polytechnic University demonstrated an OF-ISAC system
using the optical supervisory channel (OSC) in a WDM network [55]. By performing autocorrelation analysis on
the Rayleigh backscattered light of a QPSK-modulated signal in the OSC, the system achieved simultaneous data
transmission and distributed sensing without occupying main communication bands. This approach improved spec-
tral e�ciency, remained fully compatible with existing WDM infrastruc ture, and required no additional hardware,
simplifying the system and reducing costs.

As shown in Figure 36, a 125-MBaud QPSK real-time data stream was transmitted in the OSC over 10.2
and 40.0 km �bers. A 10 m piezoelectric transducer (PZT) driven by an 800 mV, 200 Hz sine wave simulated
vibrations. Results in Figure 37 showed error-free transmission under di�erent duty ratios (DRs), with stable SNR
even at 40.0 km forDR = 20%. Constellation diagrams con�rmed minimal transmission impact from distances.
As depicted in Figure 38, sensing sensitivity reached 0.50 n" /

p
Hz at 10.2 km and 0.65 n" /

p
Hz at 40.0 km (for

DR = 5 :9% and 20%) with 10 m spatial resolution. These �ndings con�rm that OSC-based OF-ISAC enables
e�cient, low-cost, and compatible ISAC functions.

In addition to combining DAS with optical communication for OF-ISAC, optical frequency domain re
ectometry
(OFDR) can also be incorporated into optical communication systems to achieve more accurate �ber fault localiza-
tion. OFDR is a high-precision �ber measurement technique based onlaser frequency sweeping. Compared with
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Figure 36 (Color online) 125-MBaud QPSK ISAC experimental setup from Liu et al. [ 55].

Figure 37 (Color online) SNR under di�erent DRs and �ber lengths. (a) S NR of the forward communication signals over two �ber links;
constellations for transmissions at 20.0% DR over (b) 10.2 k m and (c) 40.0 km [ 55].

Figure 38 (Color online) PSD curves of (a) di�erent DR streams over a 10 .2-km �ber link and (b) 5.9% and 20.0% DR streams and di�erent
vibration frequencies adopting 20.0% DR over a 40.0 km �ber l ink [ 55].

traditional OTDR, its key advantages are its millimeter-level spatial resolution and the ability to treat the entire
�ber as a distributed sensor capable of detecting strain and temperature variations at every point. In contrast,
OTDR is mainly suited for long-distance fault detection and o�ers only meter-level resolution.

In 2025, Ma et al. from Hangzhou Dianzi University integrated OFDR sensing with IMDD communication by
generating periodic LFM optical signals using a DFB laser with nonlinear-sweep compensation [56]. The sensing
information was extracted from the frequency-domain responseof the Rayleigh-backscattered signal, enabling a
single-wavelength channel to support both data transmission andOFDR-based fault localization. To mitigate
periodic power fading caused by DFB injection-current modulation,a sliding-window normalization (SN) algorithm
with an optimized window length was introduced. The experimental setup is shown in Figure 39(a). Figure
39(b) illustrates the generated LFM optical signal, with a starting wav elength of 1549.25 nm, a sweep range of
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Figure 39 (Color online) (a) Experimental setup of the OFDR-based ISA C-OF system from Ma; (b) the optical spectrum of the LFM signa l;
(c) the measured linewidth spectrum of the DFB laser [ 56].

Figure 40 (Color online) The received communication signal (a) outpu t from the PD and (c) after SN; the eye diagram of received comm u-
nication signal (b) output from the PD and (d) after SN; (e) th e BER performance versus window length; (f) the comparison o f system BER
performance [ 56].

Figure 41 (Color online) (a) The performance of the OFDR-ISAC system' s sensing of �ber fault point location; (b) the sensing error of
OFDR-ISAC and sensing system; (c) the spectrum of the sensin g reception signal at 0 m of OFDR-ISAC system; (d) the spectru m of the sensing
reception signal at 0 m of sensing system [ 56].

� 0.26 nm, and a 33-GHz bandwidth. As shown in Figure40, when carrying a 25-Mbps PAM4 signal over 20 km
�ber, the optimal SN window length is 925. Under the 7% HD-FEC threshold, the system incurs only a 0.6-dB power
penalty compared with conventional IMDD and performs better than the case without SN. For sensing performance,
Figure 41(a) shows that the experimental sensing range reaches 38 m. Figure 41(b) indicates a positioning error of
20 cm within the �rst 20 m and 40 cm from 20{38 m. Based on the 458-kHz spectral half-width at 0 m, Figure
41(c) demonstrates a distance resolution of 12.28 cm. Compared withpure sensing results in Figure41(d), which
achieves 11.34 cm resolution, the system shows that inserting low-speed communication signals has minimal impact
on sensing accuracy. They further simulated a 25-Gbps PAM4 signal as the communication payload using VPI
Transmission Maker. As shown in Figure42, the optimal sliding-window length of the SN algorithm is 315500,
resulting in a 0.98-dB power-budget penalty at the 7% HD-FEC threshold. Figure 43 depicts that within a 20-km
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Figure 42 (Color online) The received communication signal (a) outpu t from the PD and (c) after SN, and the eye diagram of received
communication signal (b) output from the PD and (d) after SN i n simulation experiments; (e) the BER performance versus wi ndow length in
simulation experiments; (f) the comparison of system BER pe rformance in simulation experiments [ 56].

Figure 43 (Color online) The simulation results about (a) the perform ance of the OFDR-ISAC system's sensing of �ber fault point lo cation,
(b) the sensing error of OFDR-ISAC and sensing system, (c) th e spectrum of the sensing reception signal at 1 km of OFDR-ISA C system, and
(d) the spectrum of the sensing reception signal at 1 km of sen sing system [ 56].

�ber span, the positioning error remains below 2 cm, and the distance resolution reaches 0.7 m. Compared with
the 3.3-cm resolution of a pure OFDR sensing system, the high-speed communication signal introduces additional
noise, reducing SNR and degrading sensing accuracy and resolution. Nevertheless, this scheme still enables both
communication and sensing over a single-wavelength channel, signi�cantly improving spectral and hardware resource
utilization.

In research on Rayleigh backscattering-based OF-ISAC, e�cient spectrum allocation and hardware reuse are
crucial for enhancing practicality and integration e�ciency. This se ction reviews recent studies focused on Rayleigh
backscattering, summarizing key information such as implementation methods, transmission distance, signal type,
communication and sensing performance, and advantages/limitations in resource utilization. Table 2 in the appendix
presents these comparisons, illustrating di�erences in spectrum usage, hardware sharing, and performance trade-o�s
to support future optimization and system design.

2.2 Brillouin backscattering-based OF-ISAC

Brillouin optical time domain re
ectometry (BOTDR) is a distributed �b er sensing technology based on spontaneous
Brillouin scattering. Its principle is to launch a single pump pulse into the �ber, which generates spontaneous
Brillouin backscattered light as it propagates. By measuring the Brillouin frequency shift (BFS)|a�ected by
temperature and strain|and the round-trip time of the scattere d light, the system can demodulate and locate the
corresponding strain and temperature distribution along the �ber. Nowadays, BOTDR has rarely been integrated
with communication systems primarily due to signal frequency incompatibility and high integration complexity.

In 2009, as illustrated in Figure 44, Honda et al. developed an integrated sensing system for fault localization in
PON networks that operates without disrupting normal communication services [57]. The system employs BOTDR,
injecting a 1650 nm monitoring signal into active communication �bers via an optical coupler. In a PON with eight
branches exhibiting di�erent BFSs, the system successfully distinguished all branch peaks and accurately identi�ed
a branch with an induced 4.1 dB bending loss. Over a 15 km link, the sensing system achieved a 17 dB dynamic
range with negligible degradation of communication quality.
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Figure 44 Experimental setup for in-service line monitoring from Hon da et al. [ 57].

Figure 45 (Color online) Experimental con�guration for the integrat ion of the BOTDR sensor system and �ber communication system from
Ng et al. [ 58].

In 2020, as depicted in Figure45, Ng et al. demonstrated a proof-of-concept integration of BOTDR sensing and
optical communication over 25 km of single-mode �ber [58]. Communication signals at 1550 nm using 16 Mbps
QPSK, 33 Mbps 16-QAM, and 50 Mbps 64-QAM were wavelength-division multiplexed with a 1546.12 nm sensing
signal. With QPSK modulation, an optimized sensing power of 18 dBm anddata power of 10 dBm yielded a
measured error vector magnitude (EVM) of 3.5% using a bandpass �lter. The system achieved a temperature error
of � 0.49� C at 50� C and a spatial resolution of 5 m. What's more, Brillouin optical time domain analysis (BOTDA)
has also been integrated with communication systems to realize distributed temperature monitoring. BOTDA is
a sensing technique based on stimulated Brillouin scattering (SBS). It operates by launching pump pulses and a
continuous probe wave from opposite ends of the �ber. When the frequency di�erence between the pump and probe
matches the local BFS, stimulated Brillouin ampli�cation occurs. Since the BFS is highly sensitive to temperature
and strain, measuring the probe power variation and its corresponding arrival time allows the simultaneous retrieval
of the temperature and strain distribution along the entire �ber.

In 2023, Zhang and colleagues from Huazhong University of Scienceand Technology proposed and experimentally
demonstrated an endogenously integrated BOTDA sub-system within a self-homodyne coherent detection (SHCD)
transmission system [59]. As shown in Figure46, the method reuses the remotely delivered local oscillator (LO) light
of the SHCD system as the BOTDA probe. An injection-locked distributed feedback (IL-DFB) laser is employed to
amplify the LO and suppress Brillouin gain interference. The integrated sensing experiment is implemented over a
16-km MCF SHCD transmission system carrying 50-GBaud DP-16QAMsignals (400 Gbps/� /core). At both ends
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Figure 46 (Color online) Experimental setup from Zhang et al. [ 59].

Figure 47 (Color online) (a) BFS along the inner core of the 16-km MCF; t he zoom-in of the connection spot of the (b) FUT2 at 0 km and
(c) FUT1 at 16 km; (d) relationship between BFS versus temper ature [ 59].

Figure 48 (Color online) (a) Relative frequency error of the BFS and SN R; (b) SNR of the BFS with di�erent probe powers [ 59].

of the MCF, 20-m FUT1 and FUT2 segments are attached, with the end of the MCF immersed in a hot-water bath.
The monitored temperature is adjusted from 32� C to 62� C in steps of 5� C.

The sensing results presented in Figure47 show that the system achieves a spatial resolution of 3 m, and the
measured temperature coe�cient is 0.91765 MHz/� C. As shown in Figure 48(a), when the probe power is� 7 dBm,
the relative sensing frequency error is approximately 1 MHz, with a minimum SNR of approximately 13 dB,
suggesting that the temperature accuracy of this system is 1� C. Figure 48(b) shows the SNR of BFS with di�erent
probe powers, revealing that when decreasing the probe power toapproximately � 9 dBm, the enhancement in
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Figure 49 (Color online) The performance of the transmission system w ith or without the BOTDA module [ 59].

SNR becomes less signi�cant. Considering both the minimum IL-DFB injection-locking power and the maximum
allowable BOTDA probe power, the optimal LO power is determined to be � 9 dBm. The experiment also examined
whether integrating the BOTDA subsystem a�ects SHCD transmission performance. As shown in Figure49, when
the LO power varies from � 9 to � 1 dBm, the BER of the communication signal remains essentially unchanged,
regardless of whether the BOTDA subsystem is active. The received constellation diagram further con�rms that
no additional phase noise or sensing-induced intensity noise is introduced. Since the BOTDA pump and probe are
derived from the same laser source, no additional lasers or frequency-matching modules are needed, which lowers
system cost and improves compatibility with existing data-center communication links.

In summary, Brillouin backscattering-based OF-ISAC o�ers an e�ective solution for PON networks and long-
distance �ber link monitoring. Table 3 in the appendix shows a comparison of the above-mentioned systems based
on Brillouin backscattering. However, further improvements are needed in SNR optimization for extended sensing
ranges, coordination of multiple scattering mechanisms, and cost control. With advances in optoelectronic devices
and signal processing, this technology is expected to play a more important role in intelligent optical networks,
energy pipeline monitoring, and related applications, becoming an important branch of OF-ISAC.

3 Forward integrated sensing and communication technology

Traditional distributed �ber-optic sensing technologies based on backscattered light are limited by physical mech-
anisms, with signal strength rapidly diminishing over distance [60, 61]. Without repeaters, the detection range
typically struggles to exceed a few dozen kilometers, making it di�cult to meet the dual demands for wide-area cov-
erage and high-precision sensing in future optical networks. To overcome this limitation, forward sensing technology
has emerged as a key pathway for achieving e�cient OF-ISAC [45].

Currently, forward sensing has developed along multiple technological paths with notable progress. Early forward
sensing detected earthquakes by comparing changes in polarization states before and after the seismic wave propa-
gated through the link [62]. Subsequently, bidirectional systems extracted sensing information via cross-correlation
analysis of forward transmission signals in both directions [63]. Other approaches leverage the group velocity dif-
ferences among modes in few-mode �bers for positioning [64]. Some systems employ loop structures, where sensing
signals are transmitted along communication links and then returnedfor coherent detection and positioning [65].
Some of these methods do not require additional spectrum or channel resources, while others reuse uplink and down-
link channels, signi�cantly enhancing resource e�ciency. In recent years, with further research, bidirectional and
unidirectional forward sensing architectures have attracted attention for their greater potential to achieve deeper
integration of communication and sensing, making them a new research focus.

The core advantage of forward sensing lies in its ability to share optical �bers and even the same wavelength
channels with communication signals, enabling signi�cant improvements in resource e�ciency and system integra-
tion. Current research mainly focuses on collaborative design at the signal level, aiming to enhance sensing accuracy
while maintaining communication quality through joint waveform design or intelligent modulation techniques, and
further reducing system complexity and deployment costs.

This section is organized into three parts, o�ering a systematic analysis of the technological aspects of forward
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Figure 50 (Color online) Underwater seismic and wave monitoring solu tion based on communication signal SOP [ 62]. (a) Routine SOP
monitoring at the receiver with stable input SOP; (b) SOP ano malies induced by earthquakes or ocean waves; (c) rotated St okes parameters,
with S1 and S2 used for analysis; (d) the Curie cable shows rob ust SOP under weak deep-sea perturbations (schematic).

sensing integrated communication. The �rst part focuses on the fundamental principles and representative ap-
plication scenarios of polarization-based OF-ISAC schemes. The second part turns to phase-based approaches,
emphasizing their inherent capability for high-precision sensing as well as the diversity of system architectures. Dis-
cussions in these sections cover the potential of emerging OF-ISAC technologies, including WDM, SDM, and TFM,
as innovative sensing solutions. And they also address OF-ISAC technology, transmission con�gurations (such as
bidirectional and loop setups), and receiver detection methods (coherent and direct detection), all while maintain-
ing a strong emphasis on core sensing principles. Finally, the third part expands to communication-driven sensing
mechanisms based on DSP techniques, discussing OF-ISAC based onPT sensing and PPE-based quasi-OF-ISAC
techniques, which demonstrate potential for innovative sensing solutions.

3.1 Sensing mechanism based on state of polarization variat ions

The operating principle of forward sensing based on the state of polarization (SOP) is illustrated in Figure 50 [62].
In this setup, the SOP of the optical signal remains stable at the transmitter. After propagation through submarine
optical cables, the received SOP is recovered using polarization demultiplexing algorithms and digital time-domain
equalizers, and subsequently converted into mutually independentStokes parameters (S1, S2, S3). Under calm
oceanic conditions, the SOP distribution at the receiver exhibits tight clustering, as shown in Figure50(a). However,
during seismic events, the SOP undergoes signi�cant alterations due to environmental perturbations, as depicted in
Figure 50(b). Following such perturbations, the clustering of SOP at the receiver end markedly degrades, as depicted
in Figure 50(c). The experiment is implemented on a conventional WDM dual-polarization coherent communication
system, supporting a data rate of 100 Gbit/s or higher over a transmission distance exceeding 10000 km. In this
scheme, sensing is achieved by monitoring pre- and post-transmission SOP shifts, necessitating an initial static
anchoring calibration. In future communication-sensing systems,this concept could pave the way for cost-e�ective,
real-time monitoring of geophysical phenomena, enhancing global early-warning systems for natural disasters, and
o�ering a scalable solution for long-range, large-scale environmental surveillance.

In addition to polarization-based detection, localization can also be achieved by measuring the polarization
rotation angle. Another classic bidirectional forward-polarization localization scheme was introduced by Chen et al.,
who developed an ultra-long-distance distributed vibration sensingsystem based on polarization measurements [63].
The system utilizes two lasers operating at wavelengths of 1549.72 and 1550.12 nm, each with a 500 kHz linewidth,
enabling bidirectional vibration detection over 121.5 km (as shown in Figure 51). Additionally, to obtain the changes
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Figure 51 (Color online) Experimental setup of the forward sensing sy stem with 121.5 km [ 63].

Figure 52 (Color online) (a) The measured bidirectional temporal wav eforms at both ends; (b) SOP angle change under di�erent stra ins [ 63].

in polarization state (polarization angle) caused by vibration, we cancalculate them through the X (I X ) and Y (I Y )
polarization states of the optical power:

I X = I cos2
�

� 0 + � s

�
t +

nZ
c

��
; (1)

I Y = I sin2
�

� 0 + � s

�
t +

nZ
c

��
; (2)

where I is the output optical power, � 0 is the initial polarization angle of light, n is the e�ective refractive index of
the optical �ber, Z is the distance of vibration from the nominal end of the �ber to the v ibration source, c is the
speed of light in vacuum, and� s(t + nZ=c) is the change in polarization angle caused by the vibration applied to
the �ber. The angle of the polarization can be obtained from X and Y polarizations:

� = arctan

 r
I y

I x

!

: (3)

After obtaining � , the DC component is removed via subtraction of the mean value to obtain the change in
polarization angle (� � ) caused by vibration along the sensing �ber. And the time delay for the vibration signal
to propagate from the vibration location to the two receivers is expressed byt1 = nZ m =c and t2 = n(L � Zm )=c.
Hence, the time delay di�erence is given by � t = t1 � t2.

From this, we derive

Zm =

�
L � c� t

n

�

2
: (4)

Therefore, forward transmission has signi�cant potential for integration into communication and sensing systems.
After that, the experimental results of polarization-based forward (bidirectional) sensing are depicted in Figure

52(a). Vibration positioning is achieved by cross-correlating the bidirectional signals, as illustrated in the inset of
Figure 52(a), with the variation in polarization angle between the two optical d irections. Figure 52(b) presents the
change in the SOP angle at a �xed position under di�erent strain conditions, demonstrating the system's sensitivity
to localized strain. Bidirectional forward transmission utilizes polarization properties to both locate the vibration
source and extend the transmission distance.

This bidirectional forward transmission scheme leverages polarization properties to enable both vibration local-
ization and extended transmission range, demonstrating compellingperformance in both range and spatial accuracy.
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Figure 53 (Color online) Experimental setup and results of the ISAC sy stem with a 50 km 4-core SM-MCF. (a) Experimental link; (b) AP C
chip microscopic image and schematic of design principle; ( c) relationship between signal-to-noise ratio and piezoel ectric sensor frequency [ 66].

A notable limitation, however, lies in its requirement for two spectra/ wavelengths with su�ciently large spacing
(incoherent wavelength carriers) to achieve localization, which introduces additional system complexity and resource
overhead.

To reduce costs and enable resource reuse, Zeng et al. from Huazhong University of Science and Technology
proposed a polarization-based self-homodyne detection OF-ISACscheme in 2022 for data center interconnection
scenarios [66]. As shown in Figure 53(a), this architecture repurposes the LO in a coherent communication link
to serve as a dual-function channel for both data transmission and vibration sensing. The adaptive polarization
controller (APC), designed using a Mach-Zehnder interferometerstructure (Figure 53(b)), is originally used in com-
munication systems for polarization pre-compensation in the optical domain. It can now be reused for sensing by
tracking and analyzing the evolution of the system's SOP, thereby converting external vibrations into measurable
polarization changes. System evaluation under varying vibration frequencies con�rmed reliable detection up to
400 Hz (Figure 53(c)), while maintaining 400 Gb/s DP-16QAM coherent transmission. Notably, the setup accom-
plishes in-service sensing of sub-400 Hz vibrations and micro-strains as low as 2.4 n" , without introducing additional
optical hardware or increasing DSP overhead.

In 2025, Wang et al. proposed another solution to reduce costs and enable resource reuse by integrating forward
polarization sensing with DAS in a bidirectional coherent communication system [67]. They utilize the forward-
polarized information from one of the bidirectional paths as a trigger, providing prior knowledge for DAS based
on backscattering to achieve more detailed event reconstruction. Consequently, there is no need to keep the DAS
continuously active, making it highly practical for long-range, high-resolution DAS sensing networks. This is also a
rather ingenious design. Once a change occurs, the initial polarization state on the Poincar�e sphere shifts to detect
vibration information as shown in Figures 54(a) and (b). A key advantage of this architecture is that it eliminate s
the need for continuous DAS operation, thereby signi�cantly improving the practicality and energy e�ciency of long-
range, high-resolution �ber sensing networks. The system enables 60-GBaud 16-QAM bidirectional transmission
and vibration sensing simultaneously, without compromising communication performance. This integration provides
a scalable solution for future optical networks, supporting high-capacity transmission and real-time, low-complexity
environmental monitoring, advancing self-adaptive communication-sensing networks.

Another approach combining WDM and polarization was demonstrated in 2024 by Tang et al., as shown in Figure
55, who proposed a forward-transmission distributed �ber sensing system compatible with C+L band unidirectional
communication networks [68]. This approach utilizes two optical signals at di�erent wavelengths (C+L-band)
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Figure 54 (Color online) (a) Linear polarization state on the Poincar �e sphere; (b) disturbance-induced SOP evolution, showing a transition
from linear to circular polarization; (c) experimental set up for bidirectional 60-GBaud 16-QAM integrated sensing an d communication [ 67].

Figure 55 (Color online) (a) Experimental setup of proposed integrat ed coherent transmission and distributed �ber sensing sche me;
(b) cross-correlation peaks; (c) time delay versus transmi ssion distance [ 68].
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Figure 56 (Color online) Schematic diagram of the conventional bidir ectional sensing and bidirectional OF-ISAC. (a) Schematic diagram of
conventional bidirectional vibration sensing system; (b) schematic diagram of bidirectional OF-ISAC system; (c) pro cedure of digital signal
processing [ 69].

traveling at di�erent group velocities to localize polarization perturb ations in the �ber. The system leverages the
time delay between the two signals, caused by chromatic dispersion,to accurately detect and localize disturbances
with high precision (standard deviation < 25 m). The key innovation is the relaxed requirement for remote timing
synchrony, making the system suitable for long-distance, transoceanic applications. By using telecom transceivers
for both sensing and communication, the system o�ers a cost-e�ective, e�cient solution for OF-ISAC into existing
communication infrastructure.

This section has reviewed polarization-based forward OF-ISAC schemes from multiple perspectives, including
transmission directions, receiver detection methods, forward sensing mechanisms, and WDM-compatible implemen-
tations. Based on these discussions, the key representative solutions are summarized in Table 4 in the appendix.

The polarization-based forward sensing paradigms discussed in thissection highlight an e�ective pathway toward
perceptive networks. While polarization o�ers a direct means to detect transverse disturbances, the phase of
an optical signal encodes information about the longitudinal component of perturbations, often with superior
sensitivity. This complementary relationship suggests that a holisticsensing architecture may bene�t from multi-
parameter detection. In the next part, we shift our focus to phase-based forward sensing, which unlocks a di�erent
set of capabilities and performance frontiers.

3.2 Sensing mechanisms based on phase variations

Compared to the SOP, optical phase o�ers higher sensing sensitivity and a broader measurement bandwidth. Ip et al.
from NEC Laboratories America demonstrated high-performancedisturbance monitoring and recovery by utilizing
the phase of communication signals, locating disturbances through�ber pairs and bidirectional transmission. Unlike
conventional bidirectional sensing systems, this approach directly uses the online communication signals as sensing
probes [69]. With only minor modi�cations to digital communication transceivers, sensing information can be
extracted from the communication signals, o�ering high integration and cost-e�ectiveness.

As depicted in Figures56(a) and (b), the system employs bidirectional transmission over a �ber pair to extract
position-resolved perturbation information. Crucially, it utilizes the live communication signal itself as the sensing
probe, rather than relying on dedicated sensing waveforms. Figure 56(c) shows the corresponding digital signal
processing architecture, which incorporates frequency o�set compensation, carrier phase recovery, and adaptive
equalization to accurately track phase variations induced by external disturbances. With only minimal modi�cations
to standard coherent transceivers, the system seamlessly integrates sensing and communication, o�ering a highly
practical solution for real-time �ber monitoring.

In 2024, Zhu et al. proposed a novel forward-transmission distributed vibration sensing scheme that relies on
a frequency-shifted interferometer constructed in a single �ber[65]. The design uses a frequency shift and time-
division multiplexing (FS-TDM) module to split the optical signal and impo se di�erential frequency shifts between
the two interfering arms. A segment of time-delay �ber (TDF) is add ed to one arm to create a controlled path
imbalance, thereby allowing vibration events to be located and measured along the �ber.
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Figure 57 (Color online) Experiment setup for SF-DVS (single-�ber-b ased frequency shift and time delay scheme for distributed v ibration
detection) [ 65].

Figure 58 (Color online) Experiment setup for localization enhancem ent of forward transmission distributed vibration sensors using phase
di�erentiation endpoint ampli�cation [ 71].

As shown in Figure57, when point `A' on the FUT is subjected to vibration, the two received signals after passing
through the FS-TDM loop (labeled as intermediate frequency signalsIF1 and IF2) can be represented as follows:

E IF1 (t) =
p

PIF1 cos [2� (f 0 + � f 1) t + � (t) + � (t � t1) + ' n IF1 (t)] ; (5)

E IF2 (t) =
p

PIF2 cos [2� (f 0 + � f 2) ( t � � t) + � (t) + � (t � t2) + ' nIF 2(t)] ; (6)

where PIF1 and PIF2 represent the optical power of IF1 and IF2, respectively. The parameter f 0 denotes the
laser frequency, while � f 1 and � f 2 are the respective frequency shifts applied to the two signals by the FS-TDM.
Moreover, the temporal discrepancy, primarily due to TDF, is de�n ed as � t = t2 � t1. As detailed in [70], we
generate two di�erential signals and ignore the noise, leading to theexpressions:

� � 1(t) = � (t � t1) � � (t � t2) ; (7)

� � 2(t) = � (t + � t) � � (t): (8)

From this, we derive
� � 1(t) = � � 2 (t � t2) : (9)

Given the known length of the optical link, the value of t2 can be determined by calculating the delays �� 2(t)
and � � 1(t), which allows for the identi�cation of the vibration location.

By leveraging a single �ber for bidirectional propagation, this method not only locates vibration sources but
also extracts their signature pro�les through measured phase di�erences and time delays, achieving integrated
localization and vibration characterization within a simpli�ed optical lay out.

Another interesting piece of work published that the same year came from Kong et al. [71], who integrated a
forward-transmission distributed vibration sensor into long-haul optical links, thereby extending the �ber function-
ality from data transmission to environmental sensing. To improve its low-frequency response, they introduced the
phase di�erential endpoint ampli�cation (PDEA) method, as depicte d in Figure 58. By applying di�erential pro-
cessing to the extracted phase information, this technique ampli�es the amplitude at the endpoints of disturbance
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Figure 59 (Color online) Experimental setup of (a) the AFS-FTDVS syst em; (b) interference-generated frequency components betw een signal
light and reference light in Hybrid1; (c) interference-gen erated frequency components between signal light and refer ence light in Hybrid2 [ 72].

events. Combined with cross-correlation, it reduces localization errors. Experimental results demonstrate that, over
a 122-kilometer transmission distance and across a broad frequency range from 300 Hz to 10 kHz, the PDEA-based
system achieves positioning accuracy of� 51 m. This method signi�cantly enhances the localization of low-frequency
signals near the transmission source. Overall, it improves the forward sensing system's response across the entire
frequency spectrum, providing a robust foundation for the practical deployment of OF-ISAC systems.

Beyond the single-loop architecture previously discussed, the bidirectional loop structure has also been explored.
In 2025, Chen and colleagues proposed an acousto-optic frequency-shifted forward-transmission distributed vibra-
tion sensor (AFS-FTDVS) to separate backscatter from forward signals for long-range vibration sensing [72]. This
system achieved a record single-span reach of 270 km without any optical ampli�cation, as shown in Figure 59.
Their key innovation is an acousto-optic frequency-shift mechanism that cleanly separates Rayleigh backscatter
noise from the forward-propagating sensing signal in the frequency domain, enabling high-SNR phase demodulation
over extremely long distances. By applying coherent detection andcross-correlation on dual-direction phase repli-
cas, the system achieves accurate vibration localization (35.6 m accuracy over 272 km) and high strain sensitivity
(3.14 p" /

p
Hz), even detecting 0.15 Hz large-strain events in submarine cables. This approach eliminates the need

for multicore �bers, special �bers, or multi-wavelength schemes,substantially reducing system cost and complexity.
The work demonstrates that ultra-long-range forward sensing can be achieved using only standard G.652D �ber
and a single AOM, o�ering a highly scalable architecture for future integrated communication-sensing infrastruc-
tures, particularly in applications such as trans-ocean cable monitoring, seismic sensing, and smart-infrastructure
surveillance.

Optical frequency combs have gained considerable attention for their potential in integrated sensing and commu-
nication. In 2025, Lu and colleagues proposed an OF-ISAC system based on phase-based vibration sensing using
external cavity lasers (ECLs) and laser frequency combs [73], as shown in Figure60. This approach integrates
vibration sensing with standard WDM communication systems and addresses phase noise by using frequency combs
at both the transmitter and receiver. The key innovation is the use of di�erential phase signals, which e�ectively
cancel laser phase noise, enabling vibration detection with low-costECLs that have a linewidth of around 100 kHz
far broader than typical narrow-linewidth lasers used in vibration sensing.

The system introduces a time delay to one communication channel and applies carrier phase recovery techniques
to recover optical phases from both channels. By calculating the phase di�erence, it eliminates phase noise and
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Figure 60 (Color online) Experimental setup for phase-based vibrati on sensing utilizing frequency combs, delay �bers, and carr ier phase
recovery DSP algorithms [ 73].

Figure 61 (Color online) Experimental setup for weakly coupled 7-cor e �ber [ 74].

detects vibration-induced phase changes. Experimental resultsshow the system can detect strain as small as 11.8 n" ,
even with a low-cost laser.

This method o�ers a cost-e�ective, structurally simple solution compatible with existing coherent communication
infrastructure. It provides a practical solution for integrating v ibration sensing into optical communication networks
without the high-cost equipment. This innovation holds promise for future applications in network monitoring,
seismic detection, and infrastructure health monitoring, and introduces a new metric for comparing the performance
of phase-based vibration sensing systems.

Beyond WDM structures lies the domain of SDM, which primarily utilizes multi-core and few-mode �bers. In
2024, Hao et al. introduced a cost-e�ective distributed vibration sensing method using a 3 MHz linewidth DFB laser
over 55.9 km of weakly-coupled 7-core �ber, enhanced by balanceddelay line laser interferometry [74]. This approach
e�ectively cancels laser phase noise, eliminating the need for expensive narrow-linewidth lasers, and enabling the
detection of low-frequency vibrations down to 149 Hz. As illustrated in Figure 61, the system's use of multicore �ber
and bidirectional transmission improves spatial resolution and scalability, o�ering a practical solution for large-scale,
low-cost vibration sensing applications in �elds like structural health and environmental monitoring.

Beyond structural implementations in SDM, forward sensing can also be realized in the time-frequency domain.
As depicted in Figure 62, Fang et al. demonstrated a highly sensitive forward-transmissionvibration sensing system
enhanced by adaptive time-frequency masking and in-band laser phase noise suppression, capable of detecting and
localizing faint true events within an 80-kilometer deployed �ber optic cable subjected to severe environmental
vibration interference [75]. And they successfully detected and localized weak real-world events, including footsteps
on handhole lids, pole impacts, and construction activity.

In 2018, Marra et al. from the UK's National Physical Laboratory a nd Italy's National Institute of Metrological
Research demonstrated that standard telecommunication optical �bers, when combined with precision frequency
metrology, can function as distributed seismic sensors [76]. Their system used a pair of optical �bers within
communication cables to form a sensing loop, detecting seismic wavesby measuring phase shifts between the
transmitted and reference light. As depicted in Figure63, this method provided superior sensitivity and reliability
compared to traditional seismometers. The team successfully detected seismic events over �ber links ranging from
75 to 535 km, with epicenter distances up to 18500 km. This breakthrough o�ers a scalable solution to transform
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Figure 62 (Color online) Experimental setup of the forward-transmis sion vibration sensing for real-world event detection in ur ban �ber
networks [ 75]. (a) Field �ber layout in Dallas, Texas; (b) experimental s etup with DSP steps; (c) DAS waterfall data of the �eld �ber; ( d) the
raw Rx phases after demodulation.

Figure 63 (Color online) (a) Experimental setup of forward sensing fo r earthquake detection in submarine telecommunication inf rastructure;
(b) submarine link response to the Malta earthquake (Sept. 2 , 2017), compared with nearby seismometers (1.5 Hz high-pas s �ltered); (c) phase
variations on the IT-L1 link versus seismometers for the Par ma earthquake (Nov. 19, 2017) [ 76].

the world's submarine optical �ber network into a global real-time seismic observatory, addressing the scarcity of
underwater seismometers and improving monitoring across the vast oceanic regions that cover 70% of the Earth's
surface.

This section provides a comprehensive review of phase-based forward OF-ISAC schemes, considering transmission
directions, receiver detection methods, and forward sensing mechanisms (e.g., WDM, SDM, and TFM). The primary
representative schemes are summarized in Table 5 in the appendix.

This section has systematically examined a class of forward-sensing-based OF-ISAC schemes that primarily
utilize the optical phase as the sensing probe. As reviewed in the existing literature, most current research follows a
`separate measurement, sensing-�rst' approach, prioritizing the maximization of sensing performance. In contrast,
there are relatively few reports on forward sensing schemes thatdeeply integrate optical phase within a uni�ed
communication-sensing framework.

In summary, the optical phase methods in forward sensing leverage their high sensitivity and broad measurement
bandwidth, demonstrating their ability to enable precise disturbance detection, localization, and characterization
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Figure 64 (Color online) Principles of dynamic FOE with FPTs. (a) Dyna mic FOE process diagram; (b) FOE principle based on FPTs for
each block; (c) experimental setup and Tx & Rx DSP process dia gram [ 78].

over long-haul �ber infrastructures that also carry high-speed data tra�c. From phase-sensitive coherent systems
to interferometric measurement setups, the discussed architectures highlight the powerful utility of optical phase.
The key lies in exploring how to achieve high-precision sensing without compromising communication performance.

Having established a comprehensive understanding of both polarization- and phase-based forward sensing para-
digms, we now proceed to the third part of this section. The followingsection will extend the discussion to other
emerging forward transmission technologies that serve as novel sensing solutions, thereby completing the landscape
of modern forward-sensing architectures.

3.3 Communication driven sensing mechanisms based on DSP te chniques

Communication-driven sensing mechanisms based on DSP o�er a practical pathway to integrate forward sensing
into existing optical communication systems. These mechanisms repurpose the system's inherent reference signals
and signal recovery processes to extract environmental information, eliminating the need for dedicated sensing
waveforms or additional hardware. By leveraging DSP's e�cient data processing capabilities, they enable real-
time monitoring of �ber conditions while making full use of existing communication resources. Building on these
principles, the following sections examine two representative approaches, PT-based and PPE-based forward sensing,
focusing on their operational principles and potential applications inOF-ISAC architectures.

3.3.1 PT-based forward sensing in OF-ISAC

Pilot-tone-assisted technology originated in optical �ber communication systems and was initially used for optical
power and ampli�er gain monitoring, link supervision, and fast convergence of DSP algorithms [77]. By embedding
a narrowband, phase-stable reference tone into the communication signal, environmental perturbations along the
�ber link, such as temperature and mechanical stress, are mapped onto small amplitude or phase variations of the
pilot tone. Monitoring these variations enables forward environmental sensing during normal data transmission,
without dedicated sensing waveforms or additional hardware.

In 2025, Yang et al. proposed an integrated communication-sensing scheme for coherent DSCM systems, lever-
aging frequency-domain pilot tones (FPTs) to enhance forward phase-based vibration detection using low-cost
100 kHz ECLs [78]. As illustrated in Figure 64, by inserting two FPTs into subcarrier gaps, the system enables
accurate dynamic frequency-o�set estimation, carrier-phase recovery, and polarization demultiplexing, e�ectively
suppressing low-frequency phase noise caused by laser drift. Thismechanism boosts the sensing signal-to-noise
ratio by 10 dB at 10 kHz and extends the detectable vibration rangedown to 10 kHz|signi�cantly outperforming
conventional forward-sensing approaches, which are limited to> 30 kHz.

In the same year, Yang et al. introduced an adaptive forward-phase-based vibration sensing method for DSCM
systems using a Wiener �lter (WF) [ 79]. This approach suppresses background noise, such as laser phase noise,
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Figure 65 (Color online) Experimental setup and DSP [ 80].

improving vibration detection. By leveraging FPTs for dynamic frequency o�set and phase estimation, followed by
WF-based phase extraction, it adapts to various vibration waveforms without prior knowledge. Experimental results
showed an 8 dB improvement in SSNR, demonstrating its robustnessand versatility. These studies demonstrate the
seamless integration of 16QAM DSCM communication and enhanced vibration sensing, o�ering a practical solution
for incorporating forward-phase sensing into future transceivers. This integration is valuable for applications like
intelligent network operations, co-cable identi�cation, and OF-ISA C in next-generation optical networks.

In 2025, Liu et al. demonstrated the �rst seamless integration of optical performance monitoring (OSNR, CD, FO,
LPP) and distributed �ber sensing within a legacy frame-based coherent communication system, as shown in Figure
65 [80]. Their approach embeds multiple LFM pilots into an integrated sensingand monitoring header, enabling
a uni�ed mechanism in which narrowband pilots support frequency-o�set estimation, power-pro�le extraction, and
Rayleigh backscattering-based distributed sensing, while broadband pilots enable pilot-free chromatic-dispersion
retrieval via the fractional Fourier transform. By exploiting pulse -compression sensing and spectrum-domain
noise sampling, the system achieves sub-dB OSNR accuracy, sub-GHz FO estimation, 0.41% dispersion error, and
10-m-resolution DFOS over 40 km, all without degrading communication performance. This joint-frame architec-
ture reveals a scalable pathway toward future �ber infrastructures in which high-capacity coherent transmission
and distributed situational awareness can coexist, inspiring intelligent, self-diagnosing, and performance-adaptive
optical networks.

This section reviews recent studies on pilot-tone-assisted sensing, which constitutes a communication-driven,
DSP-based sensing approach to integrating forward sensing and communication. Table 6 in the appendix presents
a comparison of these studies, highlighting di�erences across relevant aspects and providing valuable insights for
future OF-ISAC systems design.

From a methodological perspective, pilot-tone-assisted sensing constitutes a communication-driven, DSP-based
sensing approach, in which reference signals and signal recovery processes inherent to coherent communication
systems are reused as sensing probes. Within this framework, PPEin OF-ISAC can be viewed as a further
evolution of DSP-assisted forward sensing, where distributed power and perturbation information are extracted from
communication signals through correlation-based or pro�le-reconstruction techniques, enabling enhanced spatial
awareness while preserving integrated communication functionality.

3.3.2 PPE-based forward sensing in OF-ISAC

PPE is another communication-driven, DSP-based forward sensingapproach in OF-ISAC systems that reconstructs
longitudinal �ber power pro�les directly from coherent communicat ion signals [81]. Unlike pilot-tone schemes that
track narrowband references, PPE exploits the spatially distributed power of communication signals. By leveraging
coherent reception and DSP operations, such as correlation and pro�le reconstruction, environmental perturbations
along the �ber, including vibration or strain, can be inferred in paralle l with data transmission, without dedicated
sensing signals.

In 2019, Tanimura et al. �rst introduced this receiver-based �ber -longitudinal anomaly localization concept,
known as polarization-based power estimation based on the correlation method (CM-PPE), in a conference paper
[82], and subsequently provided a comprehensive and systematic extension in their 2020 journal publication [83]. The
work exploits the non-commutative relationship between chromaticdispersion and Kerr nonlinearity to reconstruct
longitudinal power pro�les using only coherent receiver DSP, enabling forward, in-band localization of multiple
attenuation anomalies over multi-span links without dedicated sensing signals, as shown in Figure66.

By employing partial digital backpropagation and correlation with a r econstructed reference signal, the system
enables forward, in-band localization of multiple attenuation anomalies over multi-span links without requiring
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Figure 66 CM-PPE experimental setup [ 82].

Figure 67 (Color online) CM-PPE experimental setup [ 82]. (a) In-situ PPE outputs under normal and anomalous cases w ith varying insertion
losses (compared with OTDR); (b) anomaly indicators at the t hird span for di�erent excess losses (validated by OTDR).

dedicated sensing signals. Unlike OTDR, which relies on probe light or backscattered signals, this forward approach
localizes anomalies across ampli�ed multi-span links with sub-kilometer accuracy, while remaining fully compatible
with high-speed coherent transmission. As depicted in Figure67, the PPE results are compared with OTDR single-
span results, demonstrating the e�ectiveness of this method. This work highlights the potential of using advanced
DSP at coherent receivers to transform communication signals themselves into distributed sensing probes, o�ering
an important conceptual foundation for future autonomous optical networks and forward OF-ISAC architectures.

In 2022, Sasai et al. reformulated �ber-nonlinearity-based longitudinal power monitoring as a minimum mean
square error (MMSE) estimation problem and derived a linear least-squares (LLS) solution, enabling stable and
accurate digital power reconstruction in multi-span optical �ber t ransmission systems [84]. Unlike conventional
correlation-based PPE approaches that only provide relative power pro�les with limited spatial resolution, this
method leverages �rst-order regular perturbation analysis to directly estimate the true longitudinal evolution of
signal power from receiver-side coherent DSP. As shown in Figure68, the scheme achieves high spatial resolution
and accuracy, enabling the localization and quanti�cation of �ber anomalies as small as 0.2 dB over multi-span links
without requiring any normal-state reference or prior calibration. By avoiding iterative nonlinear optimization and
ensuring convergence to a global optimum, this work signi�cantly improves robustness and practicality compared
with SSFM- or gradient-based PPE methods. This study highlights the potential of advanced DSP and linear
estimation techniques to transform communication-induced �ber nonlinearities into reliable sensing observables,
providing an important step toward autonomous, self-monitoring optical networks where transmission and forward
sensing are intrinsically uni�ed.

In a further extension, Sasai et al. proposed a digital backpropagation (DBP)-based PPE framework, also referred
to as a channel reconstruction method (CRM), which digitally reconstructs the entire multi-span transmission link
at the receiver [85]. By modeling �ber propagation via the Manakov equation and incorporating EDFA gain and
�lter responses, this DBP-assisted PPE enables spatially resolved estimation of not only longitudinal power pro�les
but also chromatic dispersion, ampli�er gain spectra, and �lter passband characteristics, as depicted in Figure69.
Compared with MMSE- and correlation-based PPE, the DBP-based approach provides a uni�ed, multi-parameter
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Figure 68 (Color online) MMSE-PPE experimental result [ 84]. (a) Estimated power pro�les P (zk ) for a 3 � 50 km link using the proposed
(red) and conventional (blue) methods, with a 2 dB loss at 75 k m (note: CM provides relative values only); (b) di�erential pro�le � @

@z P (z) '
(P (zk ) � P (zk +1 )) =� zk for anomaly detection and localization.

Figure 69 (Color online) DBP-PPE experimental setup [ 85].

Figure 70 (Color online) DBP-PPE experimental result [ 85]. (a) Retrieved power pro�les over a 4 � 70 km SSMF link, with OTDR reference;
(b) pro�le di�erences between normal (0 dB) and anomalous (2 and 5 dB) conditions, averaged over 20 measurements.

digital twin of the optical link, signi�cantly expanding the sensing scope from power monitoring to comprehensive
link-state awareness, as shown in Figure70. This paradigm highlights the potential of DBP-driven forward sensing
as a foundation for autonomous and self-optimizing optical networks.

This section introduces a series of forward sensing schemes basedon PPE. Existing PPE methods can be broadly
classi�ed into three categories: CM-PPE, MMSE-PPE, and DBP-assisted PPE, corresponding respectively to
correlation-based, estimation-theoretic, and digital-reconstruction-assisted sensing strategies. More speci�cally,
CM-PPE mainly relies on the correlation between perturbation-induced phase 
uctuations and reference patterns,
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MMSE-PPE emphasizes optimal estimation under noise and interference, and DBP-assisted PPE further enhances
sensing �delity by compensating transmission distortions through digital backpropagation. Although these methods
di�er primarily in estimation strategy and robustness to nonlinear e� ects, all share the key advantage of enabling
in-band sensing without requiring dedicated detection signals. Table7 in the appendix summarizes the common
forward sensing mechanisms across these PPE approaches, o�ering a valuable reference for the design of future
forward OF-ISAC systems.

Looking ahead, DSP-based, communication-driven OF-ISAC technology is expected to deeply integrate with SDM
and arti�cial intelligence technologies [51,86], creating a new generation of optical networks with real-time sensing,
intelligent analysis, and autonomous decision-making capabilities. These systems will provide comprehensive sensing
and closed-loop response capabilities for applications such as smartcities, industrial IoT, and wide-area security,
ultimately realizing the vision of `communication as sensing' in the next-generation intelligent infrastructure.

In the context of integrated sensing and communication applications, both backscatter-based ISAC and forward
ISAC technologies possess unique advantages and signi�cant research potential. Backscatter-based �ber sensing
techniques, such as OTDR, BOTDA/BOTDR, are well-established ando�er strong distributed sensing capabilities,
making them highly e�ective for long-distance and wide-area distributed sensing applications. However, these
techniques face challenges in modern optical communication networks, particularly in systems with multi-span
ampli�cation and recon�gurable optical add/drop multiplexers, due to signal attenuation and limited signal-to-
noise ratio. Furthermore, their reliance on bidirectional propagation and co-located transceiver architectures adds
complexity and overhead to system design.

In contrast, forward OF-ISAC extracts sensing information directly from forward-propagating communication
signals, bypassing the issues associated with backscatter. This approach enables the reuse of existing communication
infrastructure, such as coherent transceivers and receiver-side digital signal processors, o�ering signi�cant advantages
in system integration and network compatibility. Forward OF-ISAC is particularly suitable for native sensing-
communication integration in applications like data center interconnection and operational networks. However,
forward sensing technologies typically achieve quasi-distributed sensing, and their spatial resolution and sensing
performance can still face challenges in complex network scenarios, particularly when joint modeling and processing
are needed for heterogeneous links.

In summary, both backscatter-based and forward OF-ISAC technologies have their own strengths and complement
each other. Forward sensing excels in integration with modern communication networks, while backscatter-based
sensing retains its unmatched strength in distributed sensing capabilities. As communication technologies and
signal processing algorithms continue to advance, the combinationof both forward and backscatter techniques is
expected to drive the integration of sensing and communication in future optical networks, providing more e�cient
and sustainable solutions for intelligent infrastructure development.

4 Outlook and conclusion

4.1 Outlook

At present, research on OF-ISAC remains in its nascent stage. Compared with wireless integrated sensing and
communication systems, OF-ISAC exhibits several unique and irreplaceable advantages, such as ultra-long sensing
distance, high precision measurement, and strong immunity to electromagnetic interference. In contrast to wireless
ISAC, which is susceptible to channel fading, environmental noise,and spectrum congestion, optical �ber platforms
enable stable and high-performance signal transmission and sensing even in complex electromagnetic environments.
Therefore, OF-ISAC provides reliable wired sensing and communication support for scenarios where wireless signals
are limited or unavailable. While the �eld has witnessed certain technological breakthroughs, there are still signi�-
cant gaps between current achievements and large-scale commercialization. To accelerate the practical advancement
of OF-ISAC, from our point of view, in-depth research should be focused on the following key directions.

(1) Sensing-communication interference suppression tech nology. Communication and sensing functions
in OF-ISAC systems inherently di�er in core parameters such as power requirements (sensing often needs higher peak
power for signal detection, while communication prioritizes stable average power). When integrated into a single �ber
network, the introduction of sensing signals can easily cause nonlinear crosstalk, power competition, or spectrum
overlap, thereby degrading communication performance|the core service of optical networks. Thus, developing
interference suppression strategies (e.g., dynamic power allocation algorithms, spectrum isolation techniques, or
adaptive modulation adjustment) to ensure high-performance sensing without compromising existing communication
quality is a core challenge for OF-ISAC system design and practical implementation.
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(2) Design and processing of integrated sensing-communica tion signals. Most existing OF-ISAC solu-
tions adopt simple multiplexing technologies (e.g., WDM, TDM) to superimpose traditional communication signals
and sensing signals. However, this approach fails to fully exploit the inherent correlation between the two types of
signals, making it di�cult to achieve optimal overall performance of t he system. For example, WDM may waste
spectrum resources if the bandwidth requirements of communication and sensing do not match, while TDM can
reduce the real-time performance of both functions. To addressthis issue, it is urgent to explore e�cient inte-
grated sensing-communication signal designs (e.g., joint waveformoptimization that embeds sensing information
into communication signals) and develop corresponding decoupling and demodulation algorithms. These technolo-
gies should adapt to the application requirements of OF-ISAC and the characteristics of optical signals (e.g., linear
transmission), thereby maximizing the synergy between communication and sensing.

(3) Sensing-communication collaboration mechanisms and m ethods. While �ber communication and
sensing systems in OF-ISAC face inherent contradictions (e.g., resource competition), they also have signi�cant
collaborative potential. Future research should focus on two-waycollaboration. On one hand, leveraging sensing
data to optimize communication performance. For example, real-time sensing of environmental factors can pro-
vide feedback to adjust communication parameters dynamically|su ch as modifying transmission power, switching
communication channels, or optimizing equalization algorithms|to enh ance the robustness of the communication
system. On the other hand, utilizing communication signals to improvesensing capabilities. For instance, extract-
ing auxiliary features from communication signals can supplement sensing data, thereby enhancing the accuracy of
event detection. This two-way collaboration mechanism is expectedto break through the performance limitations
of traditional separate systems and achieve more e�cient and intelligent integrated sensing and communication.

(4) Standardized deployment solutions. Traditional �ber sensing systems often require specialized pack-
aging and deployment methods, which con
ict with the standardized deployment of commercial communication
optical cables. This incompatibility increases the cost and di�culty of retro�tting existing communication networks
with OF-ISAC functions. Thus, in-depth exploration is needed to determine OF-ISAC technical path selection
(customized solutions for speci�c scenarios vs. standardized solutions compatible with existing networks) and its
adaptability to di�erent application scenarios. Establishing uni�ed ind ustry standards (such as interface spec-
i�cations, deployment protocols, or performance evaluation metrics) is also essential to promote the large-scale
application of OF-ISAC.

(5) Expansion of emerging application scenarios. With the rapid development of smart society and in-
tegrated infrastructure, the demand for large-scale, multi-dimensional, and full-scenario perception-communication
integration is growing exponentially. For example, the \Space-Air-Ground-Sea Integration" scenario, as a typical
emerging �eld, poses unique challenges and demands for OF-ISAC technology, while also providing a broad appli-
cation space. Expanding OF-ISAC to the \Space-Air-Ground-SeaIntegration" scenario not only fully leverages its
advantages of wide coverage, high precision, and low power consumption but also �lls the gap in cross-domain in-
tegrated perception and communication. It provides key technical support for the construction of global integrated
infrastructure, enabling seamless connection and collaborative operation of diverse scenarios from space to the deep
sea.

In addition to hollow-core �bers, other types of specialty �bers also present promising potential for further
enhancing the performance of OF-ISAC systems. For instance, highly multi-core �bers can e�ectively increase
spatial channel counts and support multi-dimensional integratedsensing and transmission. Few-mode �bers o�er
opportunities to improve bandwidth capacity and sensing sensitivity by utilizing mode-division multiplexing. Mean-
while, polymer �bers feature excellent mechanical 
exibility and envir onmental adaptability, which are bene�cial
for deploying OF-ISAC in 
exible, wearable, or harsh �eld scenarios. Exploring these advanced �ber structures is
expected to unlock new performance boundaries for next-generation �ber-optic ISAC systems.

4.2 Conclusion

The research and application of OF-ISAC technology based on �bercommunication network infrastructure can
give full play to the advantage of the wide coverage of optical cables and realize wide-area, multi-dimensional
environmental information perception. This technology not only provides innovative ideas for the operation and
maintenance of optical communication networks but also promotesbreakthrough development in �elds such as
smart cities and intelligent transportation.

This work systematically sorts out the latest progress of OF-ISAC technology, focuses on analyzing the dif-
ferentiated advantages and applicable scenarios of two technicalarchitectures|backscattering-based OF-ISAC and
forward-sensing-based OF-ISAC|and introduces and analyzes relevant key technical solutions. Although OF-ISAC
technology has achieved preliminary results in several directions, itstill faces multiple challenges overall, such as
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system performance coordination, signal processing optimization, high performance sensing-communication collab-
oration methods, and standardized deployment.

In the future, it is necessary to strengthen the research on multi-technology collaboration, promote the continuous
improvement of core technologies, and at the same time pay attention to the connection between the construction
of system architecture and application scenarios to improve the overall maturity and application adaptability of the
system. With the gradual breakthrough of key issues, OF-ISAC isexpected to achieve a leap from principle veri-
�cation to large-scale application, promote the in-depth integration of communication networks and environmental
perception systems, and open a new stage in the development of smart optical networks.
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