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Abstract

The integration of optical-network sensing and communication (optical-network ISAC)
can effectively utilize resources and meet the demands of intelligent scenarios, becoming
a future development trend. This article reviews the fundamental technical principles in-
volved in the optical-network ISAC, including three types of backward-sensing based on
Rayleigh scattering, Raman scattering, and Brillouin scattering, respectively. The forward-
sensing methods based on power profile estimation (PPE) and the state of polarization
(SOP), as well as bidirectional sensing, are compared and analyzed. The technical difficul-
ties and recent solutions to realize the optical-network ISAC are introduced, including the
existing solutions implemented at the transmitter side or the receiver side. Finally, we
discuss the new opportunities and major challenges of the optical-network ISAC tech-
nique for practical applications.

Keywords: optical-network ISAC; backward-sensing; forward-sensing; power
profile estimation (PPE); the state of polarization (SOP)

1. Introduction

Nowadays, many emerging technologies such as big data, cloud computing, the In-
ternet of Things, and digital twins are underpinning the future society, driving an ecosys-
tem of universal connectivity and intelligence manifested in smart scenarios [1,2]. These
scenarios demand higher bandwidth, faster connection speeds, and richer user business
experiences. However, a separate design of sensing and communication is hardly suffi-
cient to meet the needs of complex scenarios [3]. Therefore, the deep integrated sensing
and communication (ISAC) has become a new trend in technological development [4].
ISAC enables shared hardware and signal processing modules and uses a commonly
transmitted signal for both communication and sensing [5]. This can reduce costs and en-
hance the resource efficiency of energy, spectrum, and hardware [6,7].

Since optical fiber transmission systems have the advantages of broad bandwidth,
low transmission loss, and immunity to electromagnetic interference [8], it is becoming
very necessary to realize the integration of sensing and communication for optical net-
works (optical-network ISAC). The optical-network ISAC system represents a converged
framework that delivers both optical communication and sensing capabilities. This uni-
fied architecture optimally utilizes the same spectrum, hardware, and transmission re-
sources. In the physical layer, dual functionality is achieved through key processes such
as signal generation and multiplexing, transmission and interaction, and demultiplexing
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and detection. The optical-network ISAC system can provide measurement of multiple
physical parameters, such as temperature, strain, vibration, etc., while high-speed data
transmission [9]. This exploitation of the deployed fiber can allow a large-scale environ-
mental monitoring system serving many applications, such as smart cities and smart com-
munities [10]. More importantly, there are millions of kilometers of installed submarine
fibers that are not being used, so-called “dark fiber”. If these dark fibers can be used to
provide early warning for earthquakes and tsunamis, they can replace other costly moni-
toring systems [11].

Using the existing optical fiber lines to realize the sensing and monitoring function,
generally speaking, is to collect and process the scattered lights of different optical fibers
[12]. The traditional distributed optical fiber sensing systems have mature and wide-
spread applications, and can still achieve the monitoring of underwater earthquakes, ob-
servation of ocean and solid earth phenomena, even in complex underwater environ-
ments with existing telecommunication optical fiber cables [13-15]. However, water flow
and marine organisms directly interfere with the sensing link, and it is necessary to elim-
inate the interference of environmental noise, such as waves and ocean currents, on the
monitoring. Therefore, both sensing distance and sensing accuracy must be taken into ac-
count to adapt to the optical-network ISAC system in harsh underwater environments. In
addition, the research that distributed sensing can be effectively compatible with quantum
communication has been confirmed. The combination of sensing technology and the se-
curity of quantum communication not only ensures the security of communication but
also increases the distance of communication and sensing. The sensing function provides
real-time security monitoring for quantum communication, and the sensing data is fed
back to the communication protocol, realizing a dynamic balance between security and
efficiency. However, the challenge lies in the difficulty of distinguishing whether system-
atic attenuation is due to a communication module or a sensing module failure. Simulta-
neously, environmental influences can cause both phase drift in quantum signals and in-
terfere with the accuracy of sensing signals [16,17].

Although optical-network ISAC systems provide new possibilities for the application
of intelligent optical networks, they trigger many technical problems and challenges. Fur-
ther in-depth research is still needed in aspects such as signal compatibility, interference
control, and data processing efficiency, etc. For processing communication and sensing
signals in current optical-network ISAC systems, there are two main approaches. One ap-
proach is that communication signals and sensing signals exist independently and are
transmitted through multiplexing techniques, such as the architecture based on back-
ward-sensing and bidirectional sensing, which is called multiplexing of communication
signals and sensing signals. The other approach is that sensing signals do not exist inde-
pendently. Instead, sensing information is extracted directly from communication signals,
which can be defined as the integration of communication and sensing signals, such as in
forward-sensing architectures based on SOP and PPE. In the context of communication
and sensing signals multiplexing, utilizing weakly coupled multi-core fiber effectively
solves signal crosstalk; however, they incur significant underutilization of fiber core re-
sources. Conversely, wavelength division multiplexing (WDM) schemes remain suscep-
tible to inter-signal interference. Although fully integrated approaches successfully ad-
dress crosstalk challenges, they introduce substantial computational overhead due to the
considerable increase in data processing requirements, such as the PPE method, which
usually needs complex digital signal processing (DSP) at the receiver end [18].

This article focuses on the challenging issues and current solutions for realizing inte-
grated optical fiber sensing and communication technology for optical networks. We com-
pared and analyzed the advantages and disadvantages of three different types of sensing,
as well as their applicable scenarios, introducing their potential application capabilities in
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the optical-network ISAC systems. Through describing the efforts of dealing with the co-
existence of sensing signals and communication signals, this paper briefly introduces the
methods used and the functions achieved. The aim is to present the core key technologies
that need to be broken through, providing an important reference for the future develop-
ment and application of the optical-network ISAC systems.

The rest of the paper is organized as follows. Section 2 discusses the fundamental
technical principles of optical-network ISAC, including backward-sensing, forward-sens-
ing, and bidirectional sensing. Section 3 reviews the technical difficulties and the solutions
of the key technology in optical-network ISAC. The solutions both at the transmitter and
receiver sides can be found, involving the integration and multiplexing of communication
signals and sensing signals, parametric detection, and channel reconstruction. Section 4
presents new opportunities and major challenges. Finally, Section 5 concludes this paper.

2. The Fundamental Technical Principles of Optical-Network ISAC

The optical-network ISAC technique can be classified into three types based on the
relative position of the transmitter and receiver of its sensing part, as shown in Figure 1.

(1) When both the transmitter and the receiver are located on the same side and share
the same optical fiber, it is categorized as the backward-sensing technology. (2) If the
transmitter and the receiver are situated on opposite sides of the same optical fiber, it is
classified as forward-sensing technology. (3) When the transmitter and the receiver are
positioned on the same side but use two independent optical fibers, this configuration is
termed bidirectional sensing technology.

Optical fiber sensing

Backward sensing Bidirectional sensing

Backward-sensing based on Rayleigh scattering

Forward-sensing based on PPE

Backward-sensing based on Brillouin scattering

ke Forward-sensing based on SOP

Backward-sensing based on Raman scattering
Figure 1. Three types of sensing in the optical-network ISAC technique.

2.1. Backward-Sensing

As early as the 1970s, researchers began investigating the backscattering effect in op-
tical fibers [19]. As illustrated in Figure 2, when light waves propagate through the fiber,
three types of backscattered light are excited, including Rayleigh scattering, Raman scat-
tering, and Brillouin scattering. By monitoring the amplitude or frequency shifts in the
backscattered light, various physical parameters can be obtained.
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Figure 2. Three types of backscattered light in optical fibers.

2.1.1. Backward-Sensing Based on Rayleigh Scattering

Rayleigh scattering is an elastic scattering process that causes intensity fluctuations
without inducing frequency shifts [20]. When a short light pulse is launched into the op-
tical fiber, it scatters light along almost all directions based on the Rayleigh scattering ef-
fect, but only the Rayleigh backscattering power can propagate in the fiber and be cap-
tured [21]. The Rayleigh scattering power is determined by the signal power, and the loss
in the optical fiber link can be assessed through the Rayleigh scattering power loss. Based
on the above characteristics of Rayleigh scattering, optical time domain reflectometry
(OTDR), as shown in Figure 3a, and optical frequency domain reflectometry (OFDR), as
shown in Figure 3b, have been developed to locate loss points in both the time and fre-
quency domains along the optical fiber link.

In an OTDR system, a probe light pulse is sent into the optical fiber under test (FUT)
[22]. At the input end, the Rayleigh backscattering (RBS) is received, and the amplitude of
RBS follows a decaying curve. By mapping the decaying curve of time, the location infor-
mation about the event points can be obtained. If ¢ is the delay between the launch of the
pulse and the time at which RBS is received, the distance D can be calculated by [23,24]

_c
D= X3 1)
where c is the speed of light in vacuum, and n is the refractive index of the fiber.

The OTDR system features a simple structure and mature technology. However, its
spatial resolution decreases as the measurement distance increases [25]. To improve its
performance metrics, such as sensor sensitivity, researchers have utilized the phase and
polarization information of scattered light to monitor the fiber link state, leading to the
development of phase-sensitive OTDR (P-OTDR), as shown in Figure 3¢, and polariza-
tion-sensitive OTDR (P-OTDR), as shown in Figure 3d.

In a ©-OTDR system, a coherent optical pulse is sent into the FUT. By analyzing the
phase variations in multiple scattered signals and the resulting changes in interference
intensity, the vibration location can be quantified [26]. The ®-OTDR system exhibits three
advantages: high sensitivity, high spatial resolution, and long detection range [27]. How-
ever, in practical applications, the use of the ®-OTDR system is limited by the tradeoff
between the sensing range, the spatial resolution, and the frequency response bandwidth
[28]. Compared with the ®-OTDR system, the P-OTDR system has advantages in the in-
crease in measurement length and moderate sensitivity, owing to the structure of one po-
larizer and one polarization analyzer. By utilizing the polarization changes induced by
optical fiber birefringence, the P-OTDR system can extract information on external tem-
perature, vibration, and strain, which provides higher measurement accuracy and spatial
resolution [29]. Due to using continuous wave light instead of a light pulse as the source,
the OFDR system enables a higher signal-to-noise ratio (SNR) than the OTDR system.
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Meanwhile, the OFDR system can easily realize a spatial resolution as low as several tens
of micrometers [30]. However, OFDR is very sensitive to laser phase noise, leading to
shorter sensing distances with low response bandwidth [23]. Therefore, the performance
of OFDR is constrained by the linewidth of the laser and the nonlinearity of the frequency
sweep [20], limiting its applications in long-distance optical-network ISAC.

[ Circulator

FUT

FUT (Fiber under test)

(Fiber under test)

+— +—
Circulaior L Circulator

FUT
(Fiber under testy

FUT
(Fiber under testy

(c)

Figure 3. Backward-sensing based on Rayleigh scattering: (a) OTDR; (b) OFDR; (c) ®-OTDR; (d) P-
OTDR.

2.1.2. Backward-Sensing Based on Brillouin Scattering

Brillouin scattering differs from Rayleigh scattering in that it is an inelastic scattering
process, which is the result of the interaction between the incident photon and an acoustic
phonon. When this process occurs in an optical fiber, the backscattered light undergoes a
frequency shift known as the Brillouin frequency shift (BFS) Afp, which changes linearly
with strain and temperature [31]. The event of a temperature change AT, and/or strain of
Ae at a specific location along the fiber can be expressed by [32,33]

Afy = CrAT + C.Ae )

where Cr and C, are the temperature and strain coefficients, respectively.

One of the typical structures utilizing Brillouin scattering is Brillouin optical time do-
main reflectometry (BOTDR), as shown in Figure 4a. When a probe pulse is launched into
the FUT, its spectrum is analyzed to obtain the BFS, and then the strain and temperature
distribution can be mapped along the length of the optical fiber [34]. BOTDR has many
exclusive advantages, including simple architecture, single-end access, easy implementa-
tion, and widespread field applications [35]. However, due to the low efficiency of self-
releasing Brillouin scattering in optical fibers, coherent detection technology is usually
used to improve spatial resolution and accuracy. A continuous wave probe light is intro-
duced oppositely to the pumped pulse light, and interacts with the pump pulses in the
optical fiber, which is the technique known as Brillouin optical time domain analysis
(BOTDA), as shown in Figure 4b [36]. Using short pulses can enhance spatial resolution,
while the Brillouin interaction spectrum is broadened, reducing the strain and tempera-
ture measurement accuracy [37]. Moreover, the BOTDA system is relatively complex, so
there are few commercial applications at present.

In addition to BOTDR and BOTDA, Brillouin scattering with optical correlation is
used in Brillouin optical correlation domain analysis (BOCDA), as shown in Figure 4c.
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Compared with BOTDR and BOTDA, the BOCDA system based on the coherence method
can provide advantages of a higher spatial resolution and a higher sampling rate, and can
achieve random access of the sensing position [38]. However, the excellent spatial resolu-
tion capabilities provided by BOCDA are at the expense of the maximum number of sens-
ing points [39].

—
Circulaor
FUT
(Fiber under test)

(b)

Figure 4. Backward-sensing based on Brillouin scattering: (a) BOTDR; (b) BOTDA; (c) BOCDA.

2.1.3. Backward-Sensing Based on Raman Scattering

Another form of inelastic scattering is Raman scattering [40], where the interaction
between pulsed light and molecular vibrations changes the frequency of the incident light
as it propagates through the optical fiber [41]. This frequency shift occurs due to the ab-
sorption or emission of optical phonons from the fiber, resulting in higher-frequency anti-
Stokes light or lower-frequency Stokes light, respectively [42]. The intensity of the anti-
Stokes light exhibits high sensitivity to temperature changes, whereas the intensity of the
Stokes light remains relatively insensitive [43].

The occupation probabilities of Stokes and anti-Stokes photons are given by the fol-
lowing equation [44].

1

P(2) =
1—exp(— kﬁ_f‘z)) ®)

Pps(2) = !

1—exp(— kTA"—fZ)) )
where AE is the Raman energy shift, k is the Boltzmann constant, and T(z) represents
the temperature at position z along the optical fibers. Based on Equations (3) and (4), the
temperature can be determined by the logarithm of the power ratio between the Stokes
and anti-Stokes frequencies measured at the receiver [45].

Distributed optical fiber sensing based on Raman scattering, known as Raman Opti-
cal Time Domain Reflectometry (ROTDR), as shown in Figure 5, utilizes a structure simi-
lar to BOTDR, where a short and strong laser pulse is launched into the FUT, and the
backscattered Raman light is detected with information on loss and temperature along the
optical fiber [46]. Since ROTDR allows temperature measurements without any cross-sen-
sitivity with other parameters, such as strain, it provides advantages of high sensitivity,
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fast measurement speed, and simple structure [47]. However, due to the low Raman scat-
tering coefficient of optical fibers, which makes temperature information susceptible to
other noise, a trade-off has to be made between the SNR and the transmission distance.
To address these challenges, one of the methods is the use of optical pulse coding [48],
enabling more accurate measurements at long distances with meter-scale spatial resolu-
tion. Moreover, it should be noticed that, in multi-band optical fiber communication sys-
tems, the Raman scattering spectrum and the communication signal exhibit spectral over-
lap, which complicates the detection of their offset, limiting the integration of sensing and

communication.
I‘ ’ “\
—
FUT

(Fiber under test)

P L L Y
cCecccccsscscscscscscscscns®

Figure 5. Backward-sensing based on Raman scattering: ROTDR.

As can be seen from the backward-sensing technology derived from the above three
scattering principles, as shown in Table 1, backward-sensing based on Rayleigh scattering
is the simplest and most cost-effective, making it particularly suitable for engineering ap-
plications. This method has been widely adopted in various engineering fields. The ad-
vantage of backward-sensing lies in its excellent spatial resolution; however, due to the
weak backscattered power, the SNR of the detected signal is typically very low, which
limits the overall performance of the sensing system. Additionally, for long-distance
transmission, the use of online amplifiers and similar devices can interfere with backscat-
tered signal reception. As a result, the communication link must be redesigned to address
this issue, so the backward-sensing technology faces numerous challenges that need to be
addressed for the optical-network ISAC.

Table 1. Typical optical scattering and backward-sensing techniques in optical fibers.

Sensi Optical Pa- . . .
ensing ptica’ta Typical System Sensing Parameters Technical Features
Type rameters
Intensity OTDR Fiber length, average loss, etc. Simple structure, mature technology,
Phase ®-OTDR Vibration, sound waves, etc. Higher sensitivity
Rayleigh Polarization POTDR Vibration, polarization mode  Sensitive to temperature, vibration,
scattering dispersion, etc. strain, bending, and torsion
Frequency OFDR High }-)rec.ision,.high resolu- High spatial resoh.lti_on, centimeter level
tion insertion loss or even millimeter level
F
reg;i?cy BOTDR Temperature, strain, etc. Temperature or strain measurement
i
Brillo?in Frequ'ency BOTDA Temperature, strain, tc. The sensing distance jbecomes longer,
scattering Shift and the system is complex.
Correlated BOCDA Temperature, strain, etc. The measurement is Iimit.ed in range and
Peaks takes a long time
R t- L i dl -
aman sca Intensity ROTDR Temperature, etc. ow responsiveness and long measure

tering

ment time
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2.2. Forward-Sensing
2.2.1. Forward-Sensing Based on PPE

The power profile estimation (PPE) is a typical distributed optical performance mon-
itoring (OPM) approach based on digital signal processing (DSP) at the receiver end [18],
making it an economically viable tool for monitoring the performance of modern optical
networks. In existing PPE methods, both least squares-based (LS) and correlation-based
(CM) methods estimate the longitudinal power profile by comparing the received signal
with a digitally emulated reference signal [49]. Figure 6 illustrates a typical configuration
of PPE methods [50,51].

Transmission Link "
| — > — Rx sig.
A[L,n] .
Estimated V'

(2 7P()

Tx sig.
A[0,n]

d’\\
Corr. | |

Or MMSE L |

L »
ol [ ] L
GAZIAZ S ArefLn]

Figure 6. The typical configuration of PPE methods [48,49].

PPE can be formulated as solving the problem of the nonlinear Schrodinger equation
(NLSE) given in Equations (5) and (6) [51], where the nonlinear coefficients are recon-
structed from the boundary conditions.

a_A_ <.,82(Z)0_2+,83(Z)8_3

— iyt 2
7 -\ 3 > 6t3>A Jv' (@)]A]*A )

y'(2) = y(2)P(0) exp (— f a(z) dz') —y@)P() (6)
0

where A = A(z,t), y(2) is the nonlinear coefficient, a(z) is the fiber loss, B,(z), B5(z)
represent the second/third dispersion, respectively, and P(z) is the optical signal power
at z. Note that, in this formulation, the power of A(z,t) is normalized to 1 regardless of
the position z [52]. Thus, the estimation target is y (), and P(z) can be inferred by esti-
mating y (z), assuming that y (z) is constant.

PPE has several advantages over the OTDR: (i) there is no probing light or additional
optical configuration required; (ii) it has more applications, such as multi-path interfer-
ence, polarization-dependent loss, etc.; (iii) it can be used to simultaneously and digitally
characterize multiple components across various links at a single coherent receiver [51,53].
Therefore, the PPE method has the potential to replace existing hardware-based ap-
proaches, by the physical parameter distributions of various link components [51]. Addi-
tionally, PPE can reduce both capital expenditures and operational expenditures for opti-
cal networks.

2.2.2. Forward-Sensing Based on SOP

The principle of optical fiber sensing based on the state of polarization (SOP) is that
dynamic environmental changes lead to a change in the birefringence of the optical fiber
[54]. By continuously analyzing the SOP data obtained from the output, various external
disruptions can be identified [55]. The output SOP at the receiver typically differs from
the input SOP due to changes in the Polarization Mode Dispersion (PMD) along the opti-
cal fiber length and time [54]. Additionally, the SOP changes in response to the environ-
mental fluctuations can be modeled as a stochastic random walk on the Poincaré sphere
[54,56,57]. It is demonstrated that the following formula can describe the strain induced
by vibrations [58,59].
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where (72), = 3n/8)k?, k? = (1?)/z, T is the PMD vector. It can be seen from Equation
(7) that the signal power is proportional to the integral of the square of the strain change
[60].

Monitoring the SOP within optical fibers provides a powerful tool for detecting line
vibration, strain changes, and external damage from mechanical vibrations to natural dis-
asters like earthquakes [55]. Typically, DSP techniques are employed at the receiver to
analyze SOP changes after coherent signal transmission, and then the environmental pa-
rameters along the fiber link are calculated and analyzed to identify anomalies and trends.
Moreover, it does not require additional sensing equipment, and its monitoring distance
is not limited. It can flexibly monitor the environmental parameters of the optical fiber
link without affecting the networking scheme, with the advantages of low cost, flexible
application, and suitability for large-scale deployment.

The sensing system based on forward transmission is easy to integrate with optical
communication systems, because of its same transmission direction as optical communi-
cation systems. Moreover, since the forward transmission signal has much higher power
than the backscattered signal, and it can be further boosted by the online optical amplifi-
ers, such as erbium-doped fiber amplifiers (EDFAs), the forward-sensing technology has
greater potential for achieving ultra-long sensing distance and high location accuracy [61].

2.3. Bidirectional Sensing

The bidirectional sensing scheme is composed of two optical fiber links [13,59,62]. As
shown in Figure 7, from the West(A) transponder to the East(B) transponder, an unmod-
ulated continuous wave laser is transmitted over the upper fiber link, and at the receiver,
a narrow-line-width laser as a local oscillator (LO) is used to coherently detect the signal.
Similarly, from the East transponder to the West transponder, the signal is transmitted
over the lower fiber link. Then, the external disturbance location can be realized by de-
tecting the phase change in the interference signals by obtaining optical-to-electrical
downconversion at each receiver.

A Optical fiber B

z(/\) z (/\)z RxL—»eg(t)
J \/

84(t) +— Rx

Figure 7. The bidirectional sensing scheme.

Let the signals transmitted by the West(A) and East(B) transponders be xp(t) =
Pl @ BHH0(0) and x,(t) = \[Pye/ @™ at+0a®)  respectively, then the phase of the in-
terferometric signal obtained at the two sides can be written as [59,62]:

0p(t) =2n(fy — fp)t + (‘PA(t -1)— ‘PB(t)) + @uip(t — T5) + @r p(t) 8)

04(t) = 2n(fz — ft + (st = T) — @a(t)) + @uin(t — T4) + P a(t) ©9)

where f and ¢(t) are the optical frequencies and phase noises, respectively, P repre-
sents the launched power, © = L/(c/n.sf) is the phase delay of the link with length L,
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and n.y, is the phase velocity index. z, and zp denote the distances from the vibration
source to each receiver, while 1, = z4/(c/n.sr) and 15 = zp/(c/ness) are the corre-
sponding delays. ¢,;;,(t) represents the vibration-induced phase of interest, and ¢, (t)
denotes the equivalent phase noise produced by each receiver due to all the additive white
Gaussian noise (AWGN) sources in the link, including amplified spontaneous emission
(ASE) of online amplifiers and receiver noise. A vibration event can be detected when it
occurs and its amplitude exceeds the sensitivity threshold, and the position of vibration
can be estimated by taking the correlation between 6;(t)~¢,;,,(t —15) and
0, (D~ (t — T4) [62].

Bidirectional sensing technology requires two transponders at the ends of the optical
fibers, which not only significantly increases the complexity of the system design but also
may bring more technical challenges, such as the accurate synchronization of time be-
tween devices at two ends, thereby hindering the realization of integration and collabora-
tion with the existing communication network.

The architecture of the optical-network ISAC system varies depending on the differ-
ent types of optical fiber sensing, as shown in Figure 8. The basis for this classification of
optical fiber sensing mainly depends on how the sensing signal is acquired in the optical-
network ISAC system.

»| Communication

Demodulation
}—»l) % Receiver
\ Sensing

— Detection

=

f — - Communication
\ — Demodulation

Receiver Sensnr_-ng
,—:) Detection

—| Communication
Demodulation

Communication [ ‘ P
Demodulation \ 9
Receiver <——| Detection
[m—]

Sensing
Detection

Figure 8. The block diagram of the optical-network ISAC based on different types of optical fiber

sensing.

Based on the three types of sensing technologies mentioned above, it is only neces-
sary to add simple receiving equipment or perform corresponding data processing based
on existing optical fiber links, amplifiers, and other equipment to realize the optical-net-
work ISAC system. Without affecting the communication performance, the sensing can
be realized in the existing pure optical fiber communication system. Although in some
backward or bidirectional sensing configurations, the injection of sensing signals may
bring additional noise, crosstalk, or link loss, which may adversely affect communication
performance, this trade-off does not negate the inherent advantages of integration. At the
same time, optical fiber, as a communication medium, has unique advantages in sensing
functions, such as the ability to achieve high sensitivity and distributed or point measure-
ment, and support long-distance, continuous spatial resolution monitoring. The optical
fiber itself has excellent communication characteristics such as extremely low
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transmission loss, high bandwidth, and anti-electromagnetic interference, which enable it
to stably transmit sensing signals in complex environments.

3. Key Technology of the Optical-Network ISAC

Although optical fiber communication and optical fiber sensing systems have the in-
herent advantage of integration, the co-propagation of communication signals and sens-
ing signals in the same channel inevitably introduces a series of challenges.

First, communication signals and sensing signals have different optimization objec-
tives. Communication signals must be transmitted stably, even in the presence of external
interference, while sensing signals require sensitivity to the external environment. There-
fore, the channel is required to have both good robustness and extreme sensitivity to en-
vironmental changes, which is a technical contradiction. If the communication signal and
the sensing signal are combined into an integrated signal for transmission, different opti-
mization objectives of the communication signal and the sensing signal need to be taken
into account. During the transmission of the integrated signal, to ensure the accurate de-
tection of the sensing signal, a high-power optical signal must be maintained. However,
excessive optical power will trigger nonlinear effects, causing channel damage to the in-
tegrated signal and waveform distortion. This leads to an increase in the bit error rate and
is not conducive to communication transmission.

Second, while ensuring the perception ability of the integrated signal to the outside
world, some additional environmental noise is introduced, inevitably reducing the SNR
of the integrated signal and the quality of communication. Although some methods, such
as WD), can be utilized to integrate the communication signal and the sensing signal, the
sensing signal has to occupy a separate wavelength channel in such a scheme, thereby
reducing the overall spectral efficiency as well as the network capacity. Therefore, achiev-
ing a balance between communication and sensing performance and minimizing crosstalk
between the two signals is crucial for realizing the deep integration of the two subsystems.

In addition, simultaneously detecting the sensing signal and the communication sig-
nal at the receiver is also challenging. Facing various environmental interferences and dy-
namic changes, it is necessary to constantly adjust the algorithm parameters in combina-
tion with technologies such as Al algorithms to meet the actual needs. Therefore, achiev-
ing high-quality restoration of communication signals while maintaining high spatial res-
olution in sensor signal detection remains difficult and a hotspot in the research.

Recently, a series of studies and explorations have been carried out in response to the
above issues. Some focused on the transmitter, some sought solutions from the receiver,
and others combined the transmitter and receiver to jointly address the problems. In the
following section, we analyze and compare the advantages and disadvantages of these
solutions.

3.1. Solution at the Transmitter

The current solutions to the cross-talk problem of communication signals and sensing
signals can be classified into two categories. One is the multiplexed transmission of com-
munication signals and sensing signals, including mode-division multiplexing (MDM),
WDM, and SDM,, etc. The other is the integration solution, i.e., the communication signals
and sensing signals co-propagating in the optical fiber as an integrated signal.

3.1.1. Multiplexing of Communication Signals and Sensing Signals

In recent years, leveraging methodologies such as MDM, SDM, and WDM has been
reported to enable both data transmission and distributed vibration detection to coexist
in the same fiber link. Among these techniques, the WDM scheme is more attractive,
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without the waste of fiber resources compared with MDM and SDM, where the commu-
nication signals and the sensing signals are loaded at different wavelengths.

In 2022, Marin et al. [63] designed and tested the co-existence of DAS and optical
communication over a two-mode fiber (TMF). In this design, LPn was for communication,
and the degenerate LP11a mode was for DAS. In particular, both the DAS and communi-
cation signals co-propagated at the same wavelength, avoiding the waste of wavelength.
A proof-of-concept experiment reported that orthogonal frequency-division multiplexing
(OFDM) transmission could achieve a data rate of up to 4.2 Gb/s with a bit error rate (BER)
of 3.2 x 10~ that co-existed with DAS. In 2023, Marin et al. [64] further proposed the co-
propagation of Kramers—-Kronig (KK) communication and DAS scheme over a TMF. The
improvement compared to before was that the KK was introduced, whose phase could be
uniquely recovered from the amplitude, so just one photo-diode (PD) was needed to trans-
mit a complex signal. As a proof-of-concept demonstration, the experiment showed that
DAS with an SNR larger than 2 dB and a gross data rate of 2.04 Gb/s could be achieved
over 1 km of fiber.

Although the method of MDM can achieve effective co-propagation of sensing sig-
nals and communication signals, the sensing range is limited due to the influence of inter-
modal crosstalk. Moreover, single-mode fibers are commonly used in current commercial
optical fiber systems, so other methods are studied. In 2023, Chen et al. [65] deployed a
seven-core optical fiber cable for optical-network ISAC, where one core was for sensing
while the other six cores were for communication. Field trials of transmission with a net
capacity of 187.49 Tb/s using C-band 93 WDM channels had been successfully demon-
strated, with a spatial resolution of 5 m. This system had been successfully applied to
monitor the real-time operation of the urban metro in Guangzhou, accurately identifying
the direction and speed of trains. In 2023, Zhang et al. [66] used the SDM method to
achieve a 50-Gbaud DP-16QAM transmission system integrated with a sensing system
based on BOTDA. The proposed system provided a sensing range of 16 km with a spatial
resolution of 3 m and a temperature accuracy of 1 °C. For the multicore fiber link, the inner
core was for sensing, while one of the outer cores was used to transmit the data signal.
This was specially chosen to prevent the mechanical effect of random bending and twist-
ing of the fiber coiling, which could cause the random variation in BFS. In 2023, Li et al.
[67] achieved simultaneous vibration sensing and high-speed communications by a
weakly coupled seven-core fiber. The sensing signal and the communication signal prop-
agated in different cores over a 41.4 km fiber link. At the transmitter, the sensing signal
was injected into the center core of the fiber, whereas the communication signal traveled
in the outer six cores. Due to DSP-assisted interference fading mitigation, the 100 Hz si-
nusoidal disturbance was detected while transmitting 120-Gbaud 16QAM signals. In 2023,
Tang et al. [68] presented an optical transmission system in which the detection of fiber
vibration direction and location of the vibration source could be obtained simultaneously
based on a weakly coupled multi-core fiber (MCF). In the proposed scheme, 6 branches of
telecommunication signals forward propagated in core 1 to core 6, respectively, while a
counter-propagating continuous-wave carrier 2 (CW2) was injected into core 1. Detection
was realized by exploiting continuous-wave carrier 1 (CW1) in core 7. By leveraging the
differential phase information retrieved from two-counter-propagating CW carriers, mul-
tidimensional vibration sensing was achieved, while transmitting in the meantime a sin-
gle-carrier 16QAM signal reaching a net data rate of 5.36 Tb/s over 41.4 km. The special
feature of this scheme was that it directly measured the forward signals, rather than the
backscattered light, compared with the above schemes. In 2024, Tang et al. [69] achieved
distributed vibration sensing and simultaneous transmission using seven-core fiber once
again. This time, CW1 and CW2 propagated in the central core, which was used for sens-
ing, and the six outer cores were for transmitting. Using the cross-correlation between the
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phases of CW1 and CW2, vibration detection and accurate localization were achieved,
with the transmission of a single-carrier net 5.36 Tb/s signal over 41.4 km of fiber.

The crosstalk can be effectively solved by SDM, but it brings the issue of fiber core
resource waste, so a series of studies is deployed for traveling through the same fiber core.
In 2019, Wellbrock et al. [70] proved the coexisting system of 36.8 Tb/s data transmission
and distributed optical fiber sensing through operation of a commercial telecom network,
with a resolution as low as 1 m over 80 km of fiber. The communication channels and the
fiber sensing signal traveled through the same fiber, but propagated in opposite direc-
tions. To reduce the fiber nonlinearity crosstalk, two wavelength-selected switches (WSS)
were used to multiplex the communication signals and the sensing signals. An accuracy
of 94.5% for moving vehicle density measurement and 98.5% for speed measurement was
achieved by detecting and tracing vibration through fiber deployed. In 2020, Aono et al.
[71] proposed a bidirectional WDM scheme where data transmission and sensing systems
coexist in the low-loss C-band, the data channels and sensing pulses propagated in oppo-
site directions in each fiber to reduce their mutual nonlinearities. Using this architecture,
DVS of vehicular traffic over a deployed cable carrying live data traffic was demonstrated.
Machine learning (ML) on the raw data captured with DVS allows the determination of
vehicle flow conditions, average vehicle speed, and even pavement deterioration. In 2020,
Luch et al. [72] presented a counter-propagating coherent vibration sensing approach to
detect and localize mechanical stress applied to the network cable. All the wavelengths in
the dense wavelength division multiplexing (DWDM) were used for normal data traffic
transmission, unless one of them was dedicated to sensing. With the coherent approach
adopted in a counter-propagating interferometer, the proposed sensing solution had been
experimented with in a metro ring of 32 km standard single-mode fiber (SMF) deployed
in the city of Turin, Italy, devoted to telecom applications.

Besides the above counter-propagating method, the co-propagation scheme has also
attracted the attention of scholars. In 2020, Huang et al. [73] reported the first coexisting
system of 36.8 Tb/s data transmission and distributed optical fiber sensing through a com-
mercial telecom network. In that architecture, among the 15 channels, the three central
channels were reserved for the sensing signals. Optimal performance was achieved by
using the most central channel for sensing, while the two adjacent channels were deliber-
ately left unoccupied to minimize potential interactions between data signals and sensing
signals, which allowed the co-existence between data transmission and sensing on the
same fiber. In 2022, Chen et al. [74] reported the co-propagation of a L-band chirped pulse
DAS system with the data traffic in the C-band. Due to the use of low peak power chirped
pulse, the non-linear effects of XPM and Raman effects on the data channels were reduced.
The experimental results verified that the DAS system can accurately locate the vibration,
at a spatial resolution of 10 m, with 100 Gb/s DP-QPSK transmission over 50 km fiber. In
2024, Brenne et al. [75] described the DAS operating in the L-band for non-intrusive coex-
istence with live C-band WDM channels, carrying a 400 Gb/s net channel data rate with
DP-16QAM modulation format. The sensing signals were allowed both co- and counter-
propagating coexistence with live WDM channels, by utilizing the frequency swept inter-
rogation (FSI) technique to reduce the pulse peak power of the DAS probe pulses. A field
experiment reported that surface vessels, seabed fishing gear, and earthquakes could be
localized on the full 83 km shore end span of the 2Africa Marseille branch. In 2023, Li et
al. [76] designed a real-time DAS system based on field-programmable gate array (FPGA)
with a spatial resolution of 10 m and sensing external vibrations at 75 km, and explored
the performance of coexistence with high-speed communication signals. Depending on
the bands of sensing and communication, the discussion was divided into two ways: in-
band and out-of-band. When in-band co-propagation with 200 G/400 G 16QAM data
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transmission, DAS with S-band could provide a sensing distance of 22 km at an optical
signal-to-noise ratio (OSNR) penalty of 0.5 dB. In the case of out-of-band coexistence, DAS
with C-band could achieve sensing distances of ~35 km and ~60 km under co-propagation
and counter-propagation. In 2025, Yarovikov et al. [16] used the dual-mode optical switch
to toggle between the transmission coefficient measurement mode and the OTDR mode,
as shown in Figure 9, achieving detection of a 0.01 dB leakage over a distance of 1009 km
with a spatial resolution of 80 m. This approach was compatible with both classical sys-
tems and control-based quantum key distribution (QCKD) protocol, with bidirectional
amplifiers. The proposed quantum communication protocol not only provided physically
secure key transmission, but also overcomes long-distance transmission limitations by
combining with OTDR monitoring technology.

The optical-network ISAC based on WDM generally requires the use of independent
communication and sensing devices, which significantly increases the deployment cost.
Furthermore, this scheme reserves a separate wavelength channel for the sensing signal,
which results in a waste of spectrum resources. A comparison of the current studies on
multiplexing methods is presented in Table 2.

Table 2. Multiplexing of communication signals and sensing signals.

Multiplexing  Fiber Sensing Sensing Sensing Performance Communication
Method Type System Parameters (Distance, SNR, etc.) Performance
I 1 km SNR 8.04 dB/600 Hz
TMF ®-OTDR 42
[63] © Vibration 1 km SNR 7.17 dB/900 Hz Gb/s
TMF [64] ®-OTDR Vibration 1 ke OFDM: SNR 10.38 dB/500 Hz 2.04 Gb/s
SNR10.72 dB/800 Hz
I 16.5 km 60-120 Hz
MCEF [65] O-OTDR Vibration Peak value 4500 nm/m/s 187.49 Tb/s
MCF[66] BOTDA  Temperature 16 km accuracy of 1 °C 50-Gbaud
Spatial resolution: 3 m
I 41.4 km 100 Hz
SDM MCE [67] ®-OTDR Vibration SNR 15 dB 120-Gbaud
MCF [68] Bldu‘ecjclonal Vibration 41.4.k'm 215 Hz/340 Hz 5.36 Th/s
sensing position error 0.25 km
Bidirectional 41.4km 100 H
MCF[eo] Diirectional vy tion .4 km 100 iz 5.36 Th/s
sensing position error 0.35 km
L 55 km Spatial resolution: 1 m
SSMF [70]  ®-OTDR Vibration accuracy of 94.5% and 98.5% 36.8 Tb/s
Vibration
B. . . 1 4 1 .ﬁ .
SME [71] 1d1recjt1ona Strain, 55 kr?n accurate c assil ca_tlon Non
sensing environmental monitoring
Temperature
SMF [72] Bldu‘ecjclonal Vibration 32 km Spatial resolution: 10 m Non
sensing accuracy of £15 m
oo 55 km Spatial resolution: 1 m
WDM SSMF [73]  ®-OTDR Vibration accuracy of 98.5% and 94.5% 36.8 Tb/s
SSMF [74]  OTDR Vibration S0k 30 Hz 100 Gb/s
Spatial resolution: 10 m
km 13 H
SMF([75]  OTDR Vibration (3 km 13 Hz 400 Gb/s
Spatial resolution: 1.25 m
L 75 km Spatial resolution: 10 m
SMF [76] ®-OTDR Vibration OSNR penalty of 0.5 dB 200 G/400 G
SMF [16] OTDR loss 1009 km Spatial resolution: 80 m Non
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Figure 9. Scheme of the experimental setup with dual mode optical switch. EDFA —erbium-doped
fiber amplifier; LD-2—laser diode; VOA —variable optical attenuator; OC—optical coupler; PM-
1,2—optical power meters; PC—personal computer [16].

3.1.2. Integration of Communication Signals and Sensing Signals

Reducing the peak power of sensing pulses can significantly solve the cross-talk
problem between sensing signals and data transmission signals, thereby enabling their
co-existence. However, this reduction inevitably decreases the sensitivity of the sensing
signals and shortens the sensing range. Thus, a series of studies and discussions have been
carried out on the sensing technology based on linear frequency modulated (LFM).
Chirped pulses feature linear frequency modulation, and after matched filtering at the
receiver, they produce a highly narrow sync function in intensity distribution. This mech-
anism ensures that spatial resolution depends only on the frequency scanning range, ef-
fectively decoupling pulse width from spatial resolution. The use of chirped pulses can
ensure the energy of the sensing pulse while reducing the peak power of the pulse, which
can ensure high-performance coexistence with the communication signals.

In 2023, He et al. [77] proposed a pulse amplitude-modulation (PAM4) signal with
chirp, which was generated using LEM light, functioning as a sensing probe to detect vi-
brations along the fiber, which enabled simultaneous data transmission and vibration
monitoring using the same channel (including the same optical fiber and the same spec-
trum resources). It was shown that 56 Gb/s 4-level PAM4 signal transmissions and dis-
tributed vibration measurements were simultaneously implemented over 24.5 km of fiber.
In 2022, Ip et al. [78] tried to use frequency-diversity chirped-pulse DAS with correlation
detection and diversity combining, achieving the coexistence of the sensing signal with 10
Tb/s data transmission over a 1000 km experiment demonstration. An all-Raman amplifi-
cation scheme allowed Rayleigh backscatter to be propagated and amplified back to the
sensing transponder. Amplitude shaping reduced cross-phase modulation (XPM) on data
channels, thereby improving signal quality. In 2022, Ip et al. [79] showed that 200 Gb/s
DP-16QAM transmission and DAS sensitivity with 13.3 m resolution at a sensitivity <20
pe/VHz could be achieved simultaneously. The sensing signal and its Rayleigh back-re-
flection were generated and detected using the same coherent receiver. A pilot tone was
inserted to assist in the removal of laser phase noise from the DAS measurement. In this
experiment, the power of the signal and LO at launch were both set to +10 dBm; the sens-
ing performance was adjusted by changing the power ratio between the data and sensing
signals. In 2023, Hu et al. [80] realized a cost-effective integration of sensing and commu-
nication signals using the same transmitter, by using the continuous LFM, which was de-
rived from p-order fractional Fourier transform (FrFT) of a direct current signal, as a probe
signal was inserted into the central spectrum of the digital subcarrier multiplexing (DSCM)
communication signal, as shown in Figure 10. This cost-effective scheme had been demon-
strated to achieve simultaneous vibration sensing and communication in DSCM system
over 10 km of fiber at 100 Gb/s dual-polarization (DP) QPSK and 200 Gb/s DP-16QAM
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transmission, the DAS sensitivities are 69pe/VHz and 88pe/vVHz, respectively, at a spatial
resolution of 4 m. Above this foundation, in 2024, Hu et al. [81] introduced redesigning
the FrFT-based synchronization pilots, addressing the timing/frequency offset problems,
leading to the vibration response bandwidth being increased threefold. At the transmitter,
the pilots, also serving as multi-tone sensing probes, were inserted in the communication
DSCM signal. This scheme was demonstrated by 100 Gb/s 16QAM DSCM-based point-to-
multipoint (P2MP) transmission with the vibration frequency up to 12 kHz over 10 km
fiber.
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Figure 10. (a) Experimental setup; (b) block diagram of Tx Integrated DSP; (c) block diagram of Rx
Communication DSP [80].

In 2024, Wang et al. [82] presented another integrated solution by inserting LFM sens-
ing probes into the training symbols of communication data frames. In this scheme, mul-
tiple LFM probes with different center frequencies were generated as sensing probes,
which were within the round-trip time of the FUT. The experiment demonstrated that
simultaneous 60 G-Baud 16 QAM data transmission and vibration sensing with a spatial
resolution of 0.5 m were achieved over 10 km of fiber. A summary of the different inte-
gration methods is presented in Table 3.

Table 3. Integration of communication signals and sensing signals.

. . . . Sensing Performance Communication
Sensing Signal Sensing Parameters Key Technologies (Distance, SNR, etc.) Performance
24.5km 21 kH
Rayleigh [77] Vibration LFM 4.5 km 21 kHz 56 Gb/s
Spatial resolution: 4 m
. o Frequency-diversity 1007 km Spatial resolution: 20 m
Rayleigh [7 Vibrat 10 Tb
ayleigh [78] toration chirped-pulses sensitivity of 100 pe/vHz 0Tb/s
. I . 5.1 km Spatial resolution: 13.3 m
Rayleigh [79] Vibration chirped-pulses sensitivity < 20 pe/VHZ 200 Gb/s
Rayleigh [80] Vibration FrFT-based LEM 10 km 0.3-2 ki 200 Gb/s
Spatial resolution: 4 m
Rayleigh [81] Vibration FrFT-based LFM 10km 12 kHz 100 Gb/s
Spatial resolution: 5 m
. I frequency-diverse 10 km 800 Hz
Rayleigh [82] Vibration LFM Spatial resolution: 0.5 m 60 G-Baud
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3.2. Solution at the Receiver

At the receiver, through precise processing of the signals, the simultaneous extraction
of communication signals and sensing signals can be achieved. One of the effective meth-
ods is parameter detection, the most typical of which is achieved through SOP. This
method can effectively identify and extract various signal features to ensure the accurate
transmission of information. Another implementation approach is channel reconstruc-
tion, which simulates the state of the optical fiber link through digital means, thereby
achieving real-time monitoring and evaluation of the link environment.

3.2.1. Parametric Detection

In 2017, Charlton et al. [83] reported that SOP transient was correlated with lightning
strikes by monitoring SOP of polarized light in an optical ground wire (OPGW) link lo-
cated in North America. The SOP angular velocity of up to 5.1 Mrad/s was measured, and
these events were 95% correlated in both time and location to lightning strikes docu-
mented by the United States Precision Lightning Network (USPLN). This test provided
an excellent foundation for using the SOP to realize the optical-network ISAC. In 2022,
Zeng et al. [56] proposed an integrated polarization sensing scheme using the adaptive
polarization controller (APC) in an SHC communication system, and studied the influence
of polarization tracking results on sensing accuracy. By reconstructing the SOP rotation
trajectory, the SHC system successfully demonstrated in-service detections of up to 400
Hz vibration and 2.4 ne micro-strain with 400 Gb/s DP-16QAM transmission, without ad-
ditional components or burdening DSP. In 2023, Zeng et al. [84] reported a novel architec-
ture called the Direct-Computation Sensing Architecture (DCSA) to obtain the distinct fi-
ber vibration. By directly calculating the polarization state changes caused by optical fiber
vibrations with training data, a laboratory experiment showed that the vibration fre-
quency of 0.98-8 kHz could be obtained with 10 Gb/s transmission over 55.1 km fiber. In
2024, Tang et al. [85] proposed a fiber sensing scheme compatible with a C + L unidirec-
tional optical transmission system. In this scheme, detection was realized by the extraction
of SOP changes, while the disturbance localization was based on the group velocity dif-
ference in two telecom signals traveling at different wavelengths in the C- and L-band.
The experimental setup showed that a high localization accuracy with a standard devia-
tion below 25 m was achieved in the operated system with 15 Gb/s DP-QPSK transmission
over 50.5 km of fiber.

Apart from detecting the variation in SOP in communication signals, vibration sens-
ing can be achieved from the pilot signals. In 2024, Tang et al. [86] proposed a SOP-based
vibration sensing in DSCM to realize 100 kHz-level vibration sensing. The change in SOP
was obtained by the Jones matrix derived from the frequency-domain pilot tones (FPTs).
At the receiver, the Stokes parameters were calculated through the Jones matrix, and the
rate of change in the Stokes parameters was analyzed, thereby achieving vibration detec-
tion and frequency identification.

For vibration detection, the optical phase is better than SOP because of its high sen-
sitivity. In 2023, Yan et al. [87] tried to extract the phases of a co-propagating pilot and a
counter-propagating tone to get the vibration localization by setting a small portion split
from the LO at the receiver side. Through retrieving and correlating the phases of the pilot
tone and counter-propagating CW, vibration sensing was realized for 60 G-Baud 16QAM
transmission over a single 100 km deployed fiber link. In 2025, Yang et al. [88] introduced
FPTs into the subcarrier intervals of the DSCM systems to achieve dynamic frequency
offset estimation (FOE), carrier phase estimation (CPE), and polarization demultiplexing
simultaneously. At the receiver, a band-pass filter (BPF) was used to separate the laser
phase noise and the vibration-induced phase. In the experiment, the detectable vibration
frequency was effectively improved to as low as 10 kHz with a 10 dB SSNR gain in the
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DSCM communication system using commercial 100 kHz ECLs. In 2025, Yang et al. [89]
used a Wiener filter (WF) combined with FPTs to realize vibration sensing with existing
commercial coherent communication systems. Experimental results demonstrated an 8 dB
SSNR improvement over the traditional BPF method for 10 kHz sinusoidal vibration de-
tection.

In 2023, Zhou et al. [90] proposed a linear fitting-based residual frequency offset com-
pensation (LF-RFOC) algorithm to provide a simultaneous transmission and sensing
scheme. Without modifying the existing coherent transponder hardware, vibration sens-
ing was achieved by adding a compensation process after carrier phase recovery (CPR)
through algorithm optimization at the DSP. The LF-RFOC algorithm included three stages:
FO de-compensation (FODC), FO fitting (FOF), and FO re-compensation (FORC). For sim-
ulation, the vibration at 30 kHz was detected clearly with QPSK-format data transmission
at a symbol rate of 20 G-Baud over 100 km of fiber. In 2024, Chen et al. [91] achieved the
low-frequency vibration detection from 1 to 500 Hz by applying fiber interferometry over
two cores of a seven-core fiber. This was accomplished by utilizing the residual carrier in
the communication signals, enabling sensing to proceed synchronously with active data
communication. An optical phase locking loop (OPLL) was used to compensate for the
relative phase fluctuations between the two cores, and the vibration signals were extracted
from the error signal of OPLL after a low-bandwidth balanced photodetector. The scheme
was applied to a deployed seven-core fiber link over 16.5 km, successfully capturing a
vibration signal at a fundamental frequency of 5.8 Hz. In 2024, Liu et al. [17] proposed and
demonstrated a network architecture that integrates a downstream quantum access net-
work (DQAN) and vibration sensing in optical fibers. An average key rate of 1.94 x 104
bits per second over an 80 km single-mode fiber was achieved. Meanwhile, vibration lo-
cations with spatial resolutions of 131, 25, and 4 m at vibration frequencies of 100 Hz, 1
kHz, and 10 kHz, respectively, were implemented. In this infrastructure, pilot signals and
quantum signals were transmitted in the same frequency band. The pilot signals were
used to compensate for the phase drift of the quantum signals, and the phase change data
of the pilot signals were multiplexed as the original signal source for vibration sensing, as
shown in Figure 11c. In particular, the role of quantum key distribution was to meet the
needs of multi-user, long-distance secure communication.
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Figure 11. Digital signal procedures for extracting the quantum signals and vibration location.

(a)Experimental diagram of the integrated DQAN and fiber vibration sensing; (b) Power spectrum
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of eight quantum signals and pilot tones; (c) Digital signal procedures for extracting the quantum

signals and vibration location [17].

The method based on SOP and phase information extraction can share the hardware
and software resources of the transmitter and receiver with the existing communication
systems, thus having great potential for application in the optical-network ISAC. How-
ever, there are still some problems, such as the localization of multiple disturbance events,
the positioning accuracy, and the information of the entire link, which require further re-
search and discussion. A comparison of SOP and phase extraction methods is shown in
Table 4.

Table 4. Comparison of the parametric detection methods.

Sensing Performance Sensing Signal

P icD i Key Technologi
arametric Detection €y Jecinologles (Distance, SNR, etc.) Existence Mode
Stokes space 505 km 21 kHz .
. . . Coexistence
Analysis [83] Spatial resolution: 4 m

Direct-Computation 55.1 km 0.98 Hz—8 kHz

Training data

SOpP Sensing Architecture [56] Variance of 1~2 km
Stokes Parameters Derivation [84] 50.5 km deviation <25 m Coexistence
Stokes Parameters Frequency Domain
Analysis [85] 100 kHz-level Pilot Tones
Fiber 98.9 km Pilot
Interferometry [86] Localization error <30 m
FOE/CPE/polarization demultiplexing 10-40 kHz Frequency Domain
[87] SSNR improved 10 dB Pilot Tones
. . 10-40 kHz Frequency Domain
Wiener filter (8] SSNR improved 8 dB Pilot Tones
Phase 100 km 10 kHz
LF-RFOC [89] Coexistence

Phase noise reduced by 34.5 dB
Fiber Interferometry
OPLL [90]
Downstream quantum 80 km
access network [17] Spatial resolution: 131 m, 25 m,4 m

16.5 km 1-500 Hz Coexistence

Pilot

3.2.2. Channel Reconstruction

Channel reconstruction method can digitally simulate information such as dispersion
and fiber nonlinearity in an optical fiber link, thereby accurately replicating the real-world
conditions of an optical fiber transmission system. This enables the identification and lo-
calization of various anomalies, including abnormal losses, unexpected dispersion, insuf-
ficient amplification, and polarization mode dispersion (PMD). Recently, this method has
been introduced into the integration of sensing and communication, without additional
hardware devices or the introduction of signals.

In 2020, Tanimura et al. [92] developed a fiber-longitudinal monitor to simultane-
ously visualize and localize multiple power attenuation anomalies over fiber transmission
links. The concept of the link-longitudinal monitor, called the in situ power profile esti-
mator (in situ PPE). By leveraging the non-commutative characteristics of dispersion and
nonlinear self-phase modulation (SPM), the longitudinal power distribution of the link
was reverse-derived through digital signal processing, achieving the detection of the ab-
normal behavior. Experimental results showed that multi-point unexpected excess losses
could be successfully detected with 506 Gbit/s DP-16QAM transmission over a 5-span, 260
km fiber. In 2020, Sasai et al. [93] described a signal monitoring technique of using a neu-
ral-network-based digital backpropagation (NN-based DBP), allowing the monitoring of
loss profile along multiple spans of optical transmission links. The information on power
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and dispersion distribution was obtained through reverse derivation of link characteris-
tics, thanks to the key parameters of DBP being optimized by using NN. The experiment
showed that lossy points within the range of 50-230 km with 2 dB and 5 dB were success-
fully detected in an SSMF-only line with 423.04 Gb/s 64QAM transmission over 70 km x
4-spans fibers. The channel reconstruction method has the advantage of non-intrusive and
low-cost anomaly monitoring for multi-span long-haul transmission systems, providing
a potential solution for the classification of sensing signal events in optical-network ISAC.

In 2024, Jiang et al. [94] proposed another PPE method operating at the symbol rate,
based on the weighted first-order regular perturbation model (WRP1), to achieve the lo-
cation of the loss. The method was demonstrated in a 130 G Baud DP-16QAM 3 span x 50
km transmission system, as shown in Figure 12. The WRP1-based PPE reduced computa-
tional complexity by over 52% compared to waveform-level PPE, while the mean absolute
error is 0.56 dB across all positions. The reconstruction performance of different channel
reconstruction methods is shown in Table 5 and a summary of the key technology of the
optical-network ISAC is presented in Table 6.

Modulator

Data X pol.

130 Gbaud [
DP-16QAM Tx

WRP1-
based PPE

Data Y pol. OBPF  EDFA

Modulator

Figure 12. System setup. PBS: polarization beam splitter, PBC: polarization beam combiner, EDFA:
Erbium-doped fiber amplifiers, SSMF: standard single-mode fiber, OBPF: optical band-pass filter
[94].

Table 5. Comparison of the channel reconstruction methods.

Sensing Pa- . Sensing Performance
Key Technol F
rameters ey technologles (Distance, SNR, etc.) eatures
260 k 1.8/3.3/5.0 dB
Loss in-situPPE [92] 60 m > 8/3 35.0d Long-distance multi-span
Spatial resolution: 5 m
Loss NN-based DBP [93] . 220 km x 4 2/5 dB Compatl.ble with different
distance resolution: 2 km fiber types
Loss WRP1-based PPE [94] 55 km x 3 3/5 dB Low computa'tlonal com-
mean absolute error: 0.56 dB plexity

Table 6. Summary of the key technology of the optical-network ISAC.

Where How Possible Solution Features
MDM Intermodal crosstalk
Multiplexing SDM Low crosstalk; Core resource waste
Transmitter WDM Wavelength waste
. High spectral efficiency; Collaborative optimization between
Integrating LFM &1 5P Y . P.
sensing and communication
. SOP No crosstalk; No resource waste; Strictly synchronized in time
Parametric De- . . .
) No crosstalk; No resource waste; High sensitivity; Low posi-
. tection Phase L.
Receiver tioning accuracy
Channel Recon- .
. PPE No crosstalk; No resource waste; DSP and NN are required
struction
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4. New Opportunities and Challenges
4.1. New Opportunities
4.1.1. New Application of Existing Optical Fiber Links

The effective integration of optical fiber sensing systems and optical communications
can not only effectively activate the “dark fiber” resources, but also realize many innova-
tive perception applications. At present, monitoring and functions on active communica-
tion have been realized, which has been reflected in the existing reports [65,83]. The non-
intrusive integration of sensing functions is regarded as a kind of perceptual neural net-
work using optical fibers. For instance, beyond the research above, fiber-to-the-home
(FTTH) networks can serve as sensory networks within buildings, enabling building en-
ergy management, fire alarming, and structural health monitoring [95], and can easily en-
able early warning. Moreover, [11] suggested that networks of fiber-optic telecommuni-
cation lines worldwide could be used as seismometers, opening a new window for earth
hazard assessment and exploration. If the optical fiber lines of the operator function as a
sensor network, this network can become the nervous system of the earth, providing ex-
cellent support for the realization of smart communities, smart cities, and smart transpor-
tation.

4.1.2. Comprehensive Improvement by the New Optical Fibers

The development and application of new optical fibers have also brought new vital-
ity to the optical-network ISAC. Reference [96] reported that the Enhanced Scattering Fi-
ber (ESF) in DAS links could significantly reduce the background noise. The simultaneous
sensing and 400 Gb/s data transmission over 195 km fiber using ESF had been successfully
demonstrated, without inline amplifications. In addition, [97] analyzed the performance
of hollow core fiber (HCF), which exhibited comprehensive advantages in terms of atten-
uation, bandwidth, and manufacturing difficulty. Then, a 15 km continuous length of HCF
with minimal loss of 0.58 dB/km and a 10 km continuous length of HCF with minimal loss
of 0.25 dB/km were obtained, transmitting at 1 um and C + L bands. These new optical
fibers enhance the capabilities of optical communication, which provides a brand-new
technical path for the optical-network ISAC.

4.1.3. Enhancement Combined with Artificial Intelligence (AI)

With the continuous advancements in Artificial Intelligence (AI) and machine learn-
ing methodologies, such as deep neural networks (DNNs) and convolutional neural net-
works (CNNs), the accuracy of detection, classification, and localization of sensing time
can be more guaranteed [59]. Ref. [98] introduced a one-dimensional convolutional neural
network (1-D CNN), combined with the support vector machine (SVM), to obtain efficient
and accurate classification of multiple vibration signal types in pipeline monitoring. Once
the Al is trained, it enables accurate classification of events, reducing the likelihood of
false alarms, and facilitates low-cost environmental monitoring across a wide geographic
area, in contrast to the extensive deployment of security cameras [71]. Ref. [99] used the
NN with the stacked gated recurrent unit (SGRU) algorithm to solve the overlap spectra
problem, improving the accuracy of wavelength detection techniques. The improvement
of accuracy for event monitoring combined with Al can enable the optical-network ISAC
to open the door to more scenarios.

4.2. Challenges
4.2.1. Precision of Event Classification

The optical-network ISAC can effectively save network core resources and reduce
operation costs, but with the in-depth application in various scenarios, challenges are
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posed to the simultaneous, accurate, and efficient detection of multiple parameters. There
is a big problem to be solved in a more detailed classification and determination for dif-
ferent parameters, so it is necessary to accurately identify the type and nature of the pa-
rameters. Only by accurately identifying the type and nature of each parameter can alarms
be issued in a timely and effective manner. This not only helps to avoid unnecessary waste
of resources, but more importantly, it prevents catastrophic accidents from occurring.

4.2.2. Processing of Massive Data

For optical fiber sensing, enhancing spatial resolution means higher data sampling
rates, as well as a large amount of data to be processed, leading to the challenges of acqui-
sition, transmission, and processing of this massive data. Meanwhile, for the method at
the receiver, precisely extracting the information of the sensing signal from the communi-
cation signal means an extremely large amount of data. Moreover, the accurate classifica-
tion of different disturbance events also requires data support in the optical-network
ISAC, which meets the needs of different scenarios.

4.2.3. Protection of Information Security

The information security of the transmission, calculation, and sharing of massive
data among networks is of extremely crucial significance for the stability and normal op-
eration of the system. In the data collection, storage, and utilization, there is always a po-
tential risk of various malicious attacks. Therefore, it is imperative to develop a set of se-
curity mechanisms that are truly effective across the diverse scenarios of the integrated
system. Guaranteeing the absolute security of perception and communication data re-
mains a critical technical challenge that demands continuous, long-term exploration and
resolution.

5. Conclusions

In this paper, we provide a comprehensive review of the advancements in integrated
communication and sensing technologies within the existing optical fiber links. With the
rapid evolution of information technology, modern optical fiber networks are increasingly
incorporating sensing capabilities to enhance the efficiency and reliability of data trans-
mission. This paper focuses on the principles underpinning this new technology, exam-
ines the challenges associated with integrated communication and sensing signals, and
analyzes current solutions to these challenges from both the transmitter and receiver per-
spectives. Additionally, we highlight the new opportunities that arise from the optical-
network ISAC. Overall, the deep integration of these two domains not only opens up new
possibilities in optical fiber communications but also establishes a robust foundation for
more intelligent and efficient network architectures. We believe that future research
should continue to advance this critical field and contribute to the digital transformation
across various industries.
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