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Abstract

The integration of high-speed optical communication and distributed sensing could bring intelligent functionalities to
ubiquitous optical fibre networks, such as urban structure imaging, ocean seismic detection, and safety monitoring of
underground embedded pipelines. This work demonstrates a scheme of integrated sensing and communication in an
optical fibre (ISAC-OF) using the same wavelength channel for simultaneous data transmission and distributed
vibration sensing. The scheme not only extends the intelligent functionality for optical fibre communication system,
but also improves its transmission performance. A periodic linear frequency modulation (LFM) light is generated to act
as the optical carrier and sensing probe in PAM4 signal transmission and phase-sensitive optical time-domain
reflectometry (O-OTDR), respectively. After a 24.5 km fibre transmission, the forward PAM4 signal and the carrier-
correspondence Rayleigh backscattering signal are detected and demodulated. Experimental results show that the
integrated solution achieves better transmission performance (~1.3 dB improvement) and a larger launching power
(7 dB enhancement) at a 56 Gbit/s bit rate compared to a conventional PAM4 signal transmission. Meanwhile, a 4 m
spatial resolution, 4.32-ne/+/Hz strain resolution, and over 21 kHz frequency response for the vibration sensing are
obtained. The proposed solution offers a new path to further explore the potential of existing or future fibre-optic
networks by the convergence of data transmission and status sensing. In addition, such a scheme of using shared
spectrum in communication and distributed optical fibre sensing may be used to measure non-linear parameters in
coherent optical communications, offering possible benefits for data transmission.

Introduction electromagnetic interference, optical fibres have

Over the past few decades, global network traffic has
grown explosively due to the demands for higher band-
width and faster connections of various multimedia
and data services (e.g. big data, cloud computing,
streaming video, Internet of Things, machine-to-machine
communication, and remote surgery)'”. Conventional
cable-based transmission approaches cannot meet the
enormous data transmission requirements. With the
advantages of low loss, large bandwidth, and anti-

Correspondence: Lianshan Yan (Isyan@home.swjtu.edu.cn)

!Center for Information Photonics & Communications, School of Information
Science and Technology, Southwest Jiaotong University, 611756 Chengdu,
Sichuan, China

Peng Cheng Laboratory, 518052 Shenzhen, China

Full list of author information is available at the end of the article

© The Author(s) 2023

replaced cables and have been widely used as the trans-
mission medium in fibre to the home (FTTH) networks,
metropolitan area networks (MANSs), backbone networks,
and transoceanic communications®®, Due to the wide
application of fibre-optic networks, optical fibres exist
anywhere in modern society, and the fibre can be
exploited for more functions than data transmission. In
addition to acting as the transmission medium in fibre-
optic networks, optical fibre can also act as the sensing
medium in optical fibre sensors®~’. Among the numerous
optical fibre sensors, distributed optical fibre sensing
(DOEFS) interrogates a large number of points in a
single sensing fibre, thus providing an overwhelming
advantage over conventional node-type sensors in long-
distance measurement® ®. In particular, DOFS techniques
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based on backscattered light (including Rayleigh®',
Brillouin'*'3, and Raman'?) take into account both the
measurement accuracy and sensing distance, hence
attracting much attention and intensive study over
the last few decades. For these techniques, not only the
intrinsic fibre characteristics (length, attenuation, break-
points'®, and optical fibre diameter'®) but also a variety of
physical parameters (such as temperature”, strain'®,
pressure’’, seismic wave’>*!, and refractive index**?)
can be measured with high resolution. At present, single-
mode fibre (SMF) is a commonly used medium in DOFS
(as the sensing medium) and fibre-optic transmission (as
the transmission medium). Moreover, various optical
communication technologies have been introduced into
DOES to demodulate sensing information and improve
sensing performance”. The high similarity of DOFS to a
fibre-optic communication system in terms of archi-
tecture, signal detection, and signal demodulation makes
it ideal for integration into a fibre-optic transmission
system for simultaneous data transmission and environ-
ment monitoring®.

Recently, existing optical fibres in fibre-optic networks
have been used to measure seismic and water waves based
on the laser interference® and state of polarization (SOP)
analysis® ~>°. Subsequently, the effect of the geomagnetic
field perturbations on the power supply to transoceanic
fibre-optic cables has been explored®. Using the same
sensing mechanisms, integrated schemes of communica-
tion and sensing were demonstrated®*>. All the above
works measure perturbations on the fibre by analyzing the
properties of forward transmitted light. These techniques
can be easily integrated into the fibre communication
system for long range sensing at low cost. However, due
to the integral effect over the entire fibre, they are difficult
to locate and retrieve all perturbations accurately, espe-
cially for chaotic environments>’. Therefore, these solu-
tions may be suitable for remote transmission scenarios
where the measurement environment is stable/quiet and
distributed measurements are not necessarily required,
such as transoceanic communications. In addition to
above techniques, a typical backscattering-based DOFS
technique, phase-sensitive optical time-domain reflecto-
metry (O-OTDR, which provides the basis for distributed
acoustic sensors, DASs), has been successfully applied in
many fields, including seismic wave detection (under-
groundg’21 and undersea®>%), traffic flow monitoringgs,
and geological monitoring®**’. ®-OTDR utilizes the
inherent fibre characteristic of Rayleigh backscattering
(RBS) to measure dynamic strains (vibrations/intrusions)
along the fibre. Although the sensing distance of @-
OTDR is generally limited to a few tens of kilometres, it
offers remarkable advantages of high sensitivity, high
accuracy, fast response, and fully distributed measure-
ments. Thus, ®-OTDR has been used to exploit more

Page 2 of 14

. g . 4. —41 e
functionalities for fibre-optic network?>>*3*38=41 " Initj-

ally, ®-OTDR only utilized dedicated or idle undersea
fibre cables as the sensing medium to detect seismic
waves?%333% I recent years, ®-OTDR has been inte-
grated into coherent optical communication networks by
wavelength-division multiplexing (WDM) and frequency-
division multiplexing (FDM) to enable both data trans-
mission and distributed vibration detection®*~*'. With
these integrations, traffic monitoring and road roughness
detection have already been explored in the existing fibre-
optic networks. It is foreseeable that more potential
functions such as urban structure imaging, safety mon-
itoring of the city gas pipeline, and ocean detection are
also likely to be developed. However, the demonstrated
schemes just share fibres in DOFS and fibre-optic net-
works, and there are still two individual systems. Due to
reserving channels for DOFS (fibre or spectrum resour-
ces), the current solutions reduce the transmission effi-
ciency. For integrated schemes using individual spectrum
channels in communication and DOFS, the transmission
performance may be degraded as the strong probe used in
DOFES easily excites non-linear effects. Moreover, coher-
ent optical communication is commonly used for long
range transmission and seems poorly match to conven-
tional DOFS (which works efficiently in tens of kilo-
metres). Since data transmission is the primary function
of fibre-optic networks, an efficient integrated solution
should maintain or even improve the transmission per-
formance. Theoretically, it is possible to improve the
transmission performance by suppressing or utilizing the
non-linear effects*>. Therefore, the current solutions
might not be good choices for implementing integrated
sensing and communication in optical fibres, especially
for the short/middle range application scenarios.

In this work, we demonstrate a solution for integrating a
typical intensity modulation direct detection (IMDD)
communication and distributed sensing in an optical fibre
to enable simultaneous data transmission and vibration
monitoring using the same channel (including the same
optical fibre and the same spectrum resources). With
periodic single-sideband (SSB) modulation, an LFM
optical carrier is generated to carry a 4-level pulse
amplitude-modulation (PAM4) signal and acts as a sen-
sing probe to capture vibrations along the fibre. In the
experiments, 56 Gbit/s PAM4 signal transmissions and
distributed vibration measurements are simultaneously
implemented in a 24.5km fibre. Benefiting from the
effective suppression of stimulated Brillouin scattering
(SBS) by the LFM optical carrier, the launching power and
self-phase modulation (SPM) are significantly enhanced,
thereby mitigating chromatic dispersion (CD)-induced
power fading and improving the transmission perfor-
mance. The experimental results show that the optimal
launching power is improved by 7 dB in comparison with
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the conventional PAM4 signal transmission. By employ-
ing the respective optimal launching powers in both
schemes, the proposed scheme achieves an ~1.3 dB per-
formance improvement at the 7% forward error correc-
tion (FEC) threshold (BER = 3.8 x 10~3). In the ISAC-OF,
only the carrier-corresponding RBS light is detected to
retrieve the sensing information. By demodulating the
phase, vibrations along a 24.5km fibre are accurately
retrieved with 4 m spatial resolution (SR), 4.32-ne/\/Hz
strain resolution, and an effective sampling rate in excess
of 42 kHz. More importantly, the sensing accuracy is only
reduced by ~1.25dB compared with the conventional
LFM-based ®-OTDR, with little impact on sensing per-
formance. Moreover, the effects of transmission light
parameters on both transmission and sensing perfor-
mance are also discussed.

Results
Operating principle

Figure 1 depicts the operating principle of the proposed
ISAC-OF, which is composed of a signal transmitter, fibre
link, and signal receivers. In the signal transmitter, an
LFM optical carrier is first generated with SSB modula-
tion. Subsequently, the transmission code with PAM4
format is loaded onto the LFM optical carrier to generate
the transmission light Ex(¢), as illustrated in Fig. 1a. When
the transmission light Ex(¢) is launched into the fibre link,
the backscattering light is produced and propagates back
to the transmitter. In addition, linear and non-linear
effects in the optical fibre interact each other and change
the characteristics of the transmission light, especially for
a large launching power, as shown in the inset (b). Gen-
erally, SBS interaction is detrimental to the transmission
performance and it limits the launching power of the
transmitted light. In the ISAC-OF, it is hard to construct
the steady-state SBS by using an LFM optical carrier, so
the power of the backward Stokes light is very small. The
power depletion on the optical carrier caused by the weak
Stokes can be ignored. This allows the launching power to
be further increased, thus dramatically enhancing
SPM*>**, By elaborately tuning the launching power, an
appropriate SPM is produced to mitigate the CD-induced
power fading and improve the transmission performance,
as illustrated in the inset (c). Meanwhile, the RBS signal is
used to retrieve vibrations along the fibre. Since most of
the power of the transmitted light Ex{(z) is concentrated on
the optical carrier (~95%), only the carrier-corresponding
RBS signal is extracted as the sensing signal. In signals
detection, two individual receivers are required to detect
the transmitted (forward) and sensing (backwards) signals
at the remote and local ends respectively. At the remote
end, the transmitted light is converted into an electrical
signal by direct detection. Due to the unique time-
frequency characteristics of the LFM optical carrier, the
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electrical signal has similar time-frequency characteristics
(the same bandwidth) to the one acquired in the con-
ventional PAM4 transmission. Therefore, the same
optoelectronic components (photodetector and data
acquisition device) and decoding methods are employed
as conventional schemes. In the sensing signal demodu-
lation, coherent detection is used to convert the RBS light
E(t) at the local end (in the signal transmitter). A digital
matched filter (DMF) is generated according to the
parameters of the LFM optical carrier and system
deployment. By convoluting the DMF and the collected
RBS signal, the effective RBS signal is retrieved, as
depicted in the inset (d). Although the transmission code
introduces additional optical noise to the sensing probe
(i.e. the LFM optical carrier), the noise power is much
lower than the probe power (P,;.<Ps) and has little
impact on the sensing performance.

Experimental setup

The experimental setup of the ISAC-OF is shown in
Fig. 2. A continuous-wave laser (CWL) with ultra-narrow
linewidth (NKT Koheras Basik X15, linewidth <0.1 kHz)
acts as the laser source. The centre wavelength and the
output power of the laser are 1549.5nm and 13 dBm,
respectively. The CW light is split into two branches by a
90:10 optical coupler (OC). The light in the upper branch
(90%) is first modulated to generate an LFM optical car-
rier with SSB modulation. The SSB modulation module
includes a Mach-Zehnder modulator (MZM, iXblue MX-
LN-20), an erbium-doped fibre amplifier (EDFA, Amonics
AEDFA-PA-35-B-FA), and a tuneable optical bandpass
filter (OBPF, EXFO XTM-50). Driven by the electrical
LEM waveform and operating at the minimum trans-
mission point, MZM1 implements double sideband sup-
pressed carrier modulation (DSB-SC). To compensate for
the insertion loss, the EDFA1 is used to boost the power
of the modulated light to 11 dBm. The OBPF is used to
remove the -1st order sideband and the residual optical
carrier, thereby achieving an LFM optical carrier with
constant power. Here, the LFM waveform is generated
by an arbitrary waveform generator (AWG, Keysight
M8195A with four channels) with a bandwidth and
maximum sample rate of 25 GHz and 65 GSa/s, respec-
tively. To accurately demodulate the sensing information,
the repetition period of the LFM waveform should be
larger than the time of light travelling through the entire
fibre®™. A 24.5km fibre (~245 us) is used in the experi-
ments and we fix the repetition period of the LFM
waveform to 248 us, corresponding to a distance of
24.8 km, slightly longer than the fibre length. After gen-
erating the LFM optical carrier, the transmission code is
modulated onto the optical carrier by another MZM
(MZM2, Sumitomo T.MXH1.5-40PD-ADC). Similar to
conventional PAM4 signal transmission, MZM2 operates
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Fig. 1 lllustration of the integrated sensing and communication in an optical fibre (ISAC-OF). SBS stimulated Brillouin scattering, SPM self-
phase modulation, CD chromatic dispersion, RBS Rayleigh backscattering, wSPM weak SPM, sSPM strong SPM, Det. detector, DMF digital matched
filter, power dep. power depletion, sp. Backscatt. spontaneous backscattering, ps phase spectrum. a Time and frequency characteristics of the

transmission light. b The linear and non-linear effects in optical fibre, including light backscattering, CD, SBS, and SPM. ¢ The characteristics of the
electrical signal for CD mitigation using SPM. The blue dashed line represents the result of the interaction between weak SPM and CD. The red line
represents the result of the interaction between strong SPM and CD. d The illustration of the sensing signal demodulation in the frequency domain
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in the linear region. In the message generation part, a test
sequence with a 2'°-1 pseudorandom bit sequence (PRBS)
is generated and mapped into PAM4 with 2 samples per
symbol. The upsampled signals are shaped using a
square root raised cosine (SRRC) with a roll-off factor of
0.1. Next, a pre-distortion operation is utilized to over-
come the frequency roll-off of the digital-to-analogue
converter (DAC). Before being injected into the 24.5 km
SMEF, the transmission light is enhanced by an EDFA
(EDFA2) with 18 dBm output power, and the launching
power is adjusted by a variable optical attenuator (VOA).

To validate the sensing capability, a piezoelectric trans-
ducer (PZT) is inserted at the 22.5 km position to produce
dynamic strains. At the receiving end, the power of the
transmitted light is first tuned by a VOA and then directly
detected with a photodetector (PD, Agilent 11,982 A with
a 3 dB bandwidth of 15 GHz). The output electrical signal
of the PD is sampled by a digital storage oscilloscope
(DSO, Keysight DSOZ634A) with a 25 GHz bandwidth
and an 80 GSa/s sampling rate.

In the lower branch, 3dBm CW light (10%) is modu-
lated by MZM3 (Sumitomo T.MXH1.5-40PD-ADC) to
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Fig. 2 Experimental setup for the integrated sensing and communication in an optical fibre. CWL continuous-wave laser, OC optical coupler,
PC polarization controller, MZM Mach-Zehnder modulator, EDFA erbium-doped fibre amplifier, OBPF optical bandpass filter, EA electrical amplifier,
AWG arbitrary waveform generator, VOA variable optical attenuator, Cir circulator, PZT piezoelectric transducer, PD photodetector, DSO digital

generate a local oscillator (LO). MZM3 works at the
minimum transmission point and is driven by a standard
cosine waveform at 9.8 GHz. To acquire good detection
performance, an EDFA (Amonics AEDFA-PA-35-B-FA)
and an OBPF (Finisar Waveshaper 4000s) are used to
amplify the LO and eliminate redundant sidebands,
respectively. At the transmitting terminal, the amplified
RBS light is combined with the LO and then converted
into an electrical signal at a coherent receiver (Finisar
CPVR1225A, 25 GHz bandwidth). It should be noted that
the use of the coherent receiver eliminates polarization
fading in coherent-based ®-OTDR and improves the
robustness of the integrated solution. Finally, the elec-
trical signal is sampled by a 4GHz DSO (LeCroy
Waverunner 8404 M) and processed offline.

Transmission performance

The transmission performance of the proposed ISAC-
OF has been measured under different launching powers,
received powers, and LFM bandwidths. For comparison,
the conventional single-carrier 56 Gbit/s PAM4 trans-
mission is also performed under back-to-back (B2B) and
24.5km conditions. Figure 3a shows the BER evolution
with the increment of the received power. Impacted by
SSB modulation, the 1-GHz LFM optical carrier has a
worse optical signal-to-noise ratio (OSNR) than the
single-frequency optical carrier (i.e., the laser source used
in conventional schemes). Thus, the integrated scheme
(the blue-dotted line) has an approximately 0.15-dB
power penalty (an ignorable performance degradation) at
the 7% FEC threshold in comparison with the conven-
tional scheme (the orange-dotted line). In fibre trans-
mission, the CD-induced power fading deteriorates the
BER performance. By adopting a 9 dBm launching power,

both schemes achieve almost the same BER performance
at the 7% FEC threshold (the purple and green lines), as
illustrated in Fig. 3a. Compared to the B2B BER perfor-
mance, there is an ~5 dB power penalty after 24.5 km fibre
transmission. Moreover, the BER performance using
15 dBm launching power is also measured and depicted in
Fig. 3a. Affected by the strong SBS, the BER performance
of the conventional scheme (the orange-dotted line)
deteriorates significantly compared to the results mea-
sured using a 9 dBm launching power (the purple-dotted
line). In the ISAC-OF, the LFM optical carrier suppresses
the SBS interaction between the optical carrier and the
backwards Stokes light, thus eliminating the detrimental
effect of SBS on the transmission performance. Moreover,
the SPM effect is enhanced as the launching power is
increased to 15dBm, which mitigates the CD-induced
power fading. Compared to the results measured with a
9 dBm launching power in both schemes (the green- and
purple-dotted lines), a 1dB BER performance improve-
ment is achieved in the integrated scheme using a 15 dBm
launching power (the black-dotted line). In the ISAC-OF,
the PAM4 transmission performance is codetermined by
CD, SBS, and SPM effects. Since both SBS and SPM
effects depend on the launching power, the BER evolution
is measured by increasing the launching power, as
depicted in Fig. 3b. In the experiments, we fix the received
power at —6 dBm and increase the launching power from
9 to 17dBm with a step of 1dB. In the conventional
scheme, a strong SBS interaction is easily constructed
between the single-frequency optical carrier and the
generated backwards Stokes light. As the launching power
increases, the power of the Stokes light and the corre-
sponding power depletion on the optical carrier increase
dramatically, hence distorting the transmission code and
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deteriorating the BER performance, as the orange-dotted
line shows in Fig. 3b. To thoroughly analyze the rela-
tionship between the launching power and the BER per-
formance, the backwards Stokes power is also measured,
as illustrated in Fig. 3c. As the launching power increases,
the Stoke power (the orange-dotted line) improves over
46 dB. Here, the insets in Fig. 3c depict the evolution of
the optical spectra. When the launching power is less than
13 dBm, the Stokes power is not more than —1.9 dBm,
such that the power depletion on the optical carrier can
be ignored. Accordingly, the BER performance fluctuates
slightly, as shown in Fig. 3b. With a further increase in the
launching power (over 13 dBm), the enhanced Stokes light
dramatically depletes the optical carrier, hence sig-
nificantly deteriorating the BER performance. The Stokes
power reaches 12dBm when the launching power is
increased to 17 dBm. Different from the conventional

scheme, an LFM optical carrier is used in ISAC-OF, and it
effectively suppresses the SBS interaction. As shown in
Fig. 3¢, the Stokes power increases slowly with increasing
launching power (the blue-dotted line), and the maximum
Stokes power is only —28.2dBm (much less than
—1.9dBm). Thus, the SBS-induced power depletion on
the optical carrier is negligible, and there should be no
BER performance degradation. In addition to the SBS
effect, the SPM effect is also enhanced with increasing
launching power. Furthermore, an appropriate SPM effect
mitigates the CD-induced power fading and improves
BER performance®®**, As depicted in Fig. 3b, the BER
performance is first improved and then reduced as the
launching power increases (the blue-dotted line). The
optimal BER performance is achieved at a 16 dBm
launching power, an ~7dB improvement in launching
power compared to the conventional scheme (the orange-
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dotted line, the optimal launching power is 9 dBm). To
accurately analyze the BER performance improvement,
the launching power of the conventional scheme and the
integrated scheme are fixed at 9 and 16 dBm, respectively.
By tuning the received power, the BER performance is
measured and shown in Fig. 3d. Compared to the con-
ventional scheme (the orange-dotted line), the integrated
scheme (the blue-dotted line) achieves an ~1.3dB
improvement at the 7% FEC threshold. Benefitting from
the larger launching power and better BER performance,
the ISAC-OF can provide better transmission perfor-
mance in fibre-optic networks, such as MAN and passive
optical network (PON).

In principle, SBS can be suppressed more thoroughly by
employing a larger bandwidth LFM optical carrier. To
verify this property and analyze the effect of bandwidth on
the transmission performance, we conduct experiments
using LFM optical carriers with different bandwidths
(including positive and negative). In these experiments, a
56 Gbit/s PAM4 signal is utilized as the transmission
signal, and the LFM bandwidth is increased from 0.6 to
2GHz in 0.2 GHz steps. In the B2B tests, the received
power is fixed at —11 dBm, and the BER performance is
illustrated in Fig. 4a. Except for slight fluctuations, the
BER performance remains almost unchanged with
increasing LFM bandwidth. Moreover, the positive LFM
optical carrier achieves nearly the same BER performance
as the negative one. In the 24.5 km fibre transmission, the
launching power and the received power are fixed at
15 and —6 dBm, respectively. The BER performance (the
purple and green lines) remains constant for all band-
widths. Meanwhile, the Stokes power is detected, and the
power decreases with increasing bandwidth, as shown in
Fig. 4b. This means that the LFM optical carrier with a

larger bandwidth suppresses the SBS effect more thor-
oughly. For a 15 dBm launching power (the orange-dotted
line), the Stokes power is too small for all bandwidths (the
maximum power is only —30 dBm), and the correspond-
ing power depletion on the optical carrier can be ignored.
Hence, the test bandwidth has little effect on the BER
performance, as shown in Fig. 4a. Subsequently, the
launching power is improved to 17 dBm, and the Stokes
power at different bandwidths is measured, as shown by
the blue-dotted line in Fig. 4b. Compared to the results
using a 15dBm launching power, the Stokes power is
increased by more than 10dB on the 0.6 GHz optical
carrier. As the carrier bandwidth increases to 1.2 GHz, the
Stokes power drops to almost the same value as when
using a 15 dBm launching power. Thus, a large-bandwidth
LFM optical carrier is required to maintain the BER
performance when a large launching power is used.

Sensing results

In addition to the transmission performance, the sen-
sing performance of the ISAC-OF is also tested. A
56 Gbit/s PAM4 signal is first loaded on a 1 GHz LFM
optical carrier, and the transmission light with 15dBm
launching power is launched into the fibre. In the
experiment, a 5 m bare fibre is coiled around a PZT at a
22.5km location. A sinusoidal waveform with an 800 Hz
frequency and a 0.6 V amplitude is used to actuate the
PZT. The detected RBS signal is collected by a DSO with a
sampling rate of 2.5 GSa/s. By convoluting the collected
RBS signal with the corresponding DMF, the effective RBS
signal is demodulated. In the phase retrieval, the inter-
ference fading is eliminated with the phase shift transform
and the rotated-vector-based moving average®®~*®, Here,
the rotated-vector-based moving average is performed



He et al. Light: Science & Applications (2023)12:25

Page 8 of 14

a 4.712
3.534
@
£
S 2356
£
'_
1.178
ol : —= e
0 4.9 9.8 14.7 19.6 245
Distance (km)
C 28
® Raw data
—— Fitting curve
14}
)
® \
& 3
o ¢J
*
14t ° L
28 : : : :
0 0.9 1.8 2.7 3.6 4.5
Time (ms)
d corresponding PSD of the measured vibration

.

Fig. 5 Time and frequency characteristics of the measured vibration. a The distance-time distribution of the differential phases along the fibre,
with a vibration applied at around 22.5 km. b Phase SD along the fibre with a spatial resolution of ~4 m. ¢ Time-domain waveform and

b i
0.75
0.75 |
0.5
g
S 05¢ 0.25
[m]
® 4m
0
0.25 | 22.496 22504 22512 22.52

O n n n n
0 4.9 9.8 147 196 245
Distance (km)

d —20
N
I 21.5dB
Y
el
Y
Jus}
k=
[a)
@
o

0 4 8 12 16 20

Frequency (kHz)

J

along the distance axis. In ®-OTDR, the intrinsic fre-
quency response is limited by the probe repetition rate,
which is equal to 2.016 kHz in this work. Benefitting from
the time-frequency characteristics of the continuous
periodic LFM probe (i.e. the LFM optical carrier), the
frequency response of the integrated scheme can be sig-
nificantly improved by signal segmentation and timing
splicing®*®. Moreover, the enhancement factor (EF) of
the frequency response can be flexibly adjusted in signal
processing. But it must be noted that the frequency
response enhancement is achieved by sacrificing the
spatial resolution (SR) for the same signal. In the signal
segmentation, the bandwidth of the subband signal (B;) is
reduced with increasing EF, and B is equal to B/EF (B is
the LFM bandwidth). Since the effective SR is code-
termined by the bandwidth of the subband signal, aver-
aging distance, and gauge length (GL), the increment of
the frequency response may reduce the effective SR. To
balance the SR and frequency response, EF and the
average distance are set to 10 (20.16 kHz frequency
response) and 4 m, respectively. With a 4m GL, the
distance—time distribution of differential phases is

calculated, and the top view is depicted in Fig. 5a. The
vibration can be clearly discerned, and there is no erro-
neous phase, indicating that the interference fading is
eliminated well. By calculating the standard deviation
(SD) of the differential phases, the effective SR is shown in
Fig. 5b. With the conventional definition of the length
between 10 and 90% rising edge, a 4 m SR is achieved.
Note that, for the same sensing signal, a higher SR can be
achieved by reducing EF in the signal processing. Figure
5c¢ depicts the time-domain waveform with a peak-to-
peak phase of ~1.87 rad, corresponding to a peak-to-peak
strain of 51.58 ne”°. The effective sample rate is increased
by 10 times, and the frequency response exceeds 20 kHz.
The corresponding power spectrum density (PSD) is
calculated, and a signal-to-noise ratio (SNR) of 21.55 dB is
obtained, as illustrated in Fig. 5d. The maximum noise
level is ~—52.55 dB rad’/Hz, so the worst strain resolution
is ~4.32-ne/v/Hz.

To verify the effectiveness of the frequency response
enhancement, vibrations with driving frequencies of
3kHz and 21kHz are applied to the fibre. Here, both
driving frequencies exceed the intrinsic 2.016 kHz
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frequency response, and both driving voltages are 0.3 V.
The bandwidth of the LFM optical carrier, bit rate of the
PAM4 signal, and launching power of the transmission
light are 1 GHz, 56 Gbit/s, and 15 dBm, respectively. In
the signal demodulation, the averaging distance, EF, and
GL are set to 5 m, 20 (the maximum frequency response is
40.32 kHz), and 5 m, respectively. Figure 6a and b depicts
the time-domain waveforms and corresponding PSD,
respectively. Both vibrations are accurately retrieved,
indicating the effectiveness of the frequency response
enhancement. It must be noted that the sensing accuracy
theoretically varies as the frequency response increases. If
the same SR (same averaging distance and GL) is used in
the signal demodulation, a large-bandwidth RBS signal
can eliminate the interference fading more completely
and achieve better sensing accuracy. However, the sensing
accuracy is also related to the duration of the subband
signal due to the impact of the laser phase noise. More-
over, the sensing accuracy decreases with the duration of
the subband signa151. As EF increases, both bandwidth
and duration of the subband signal decrease, so there is a

trade-off between eliminating interference fading and
laser-induced phase noise (which determines the sensing
accuracy). To clarify the effect of the frequency response
enhancement on the sensing accuracy, RBS signals
with a 1 GHz bandwidth are demodulated with different
enhancement factors. In the signal demodulation, EF is
increased from 4 to 22 in 3 steps, and both the average
distance and GL are fixed at 4 m (corresponding to a 4 m
SR). Since the phase variance (PV) calculated with the
signal without vibration accurately represents the phase
noise floor, we calculate the PV at ~22.5km and trans-
form its units with the expression of 10loglO(PV), as
shown by the blue-dotted line in Fig. 6¢c. With the
increment of EF, the PV is increased by 2.63 dB (corre-
sponding to a 2.63-dB reduction in sensing accuracy).
Here, the bandwidth of the subband signal is reduced
from 250 MHz down to 45.5MHz. The experimental
results show that the larger bandwidth achieves better
sensing accuracy, indicating that the sensing accuracy is
mainly dominated by the eliminating performance of the
interference fading. Moreover, the same signals are
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processed with 3 m (3 m average distance and 3 m GL, the
orange-dotted line) and 5 m SR (5 m average distance and
5m GL, the green-dotted line), respectively. Compared to
the results demodulated with 4 m SR, the sensing accu-
racy of demodulation with 3 m SR and 5 m SR is reduced
and improved by 0.71 and 0.75 dB, respectively.

Subsequently, the effects of the launching power and
the LFM bandwidth on the sensing performance
are tested. In the launching power test, a 56 Gbit/s
PAM4 signal is loaded on the 1 GHz optical carrier. The
launching power of the transmission light is increased
from 9 to 17 dBm with a step of 1 dB. The collected RBS
signals are demodulated with 10 EF, 4 m average distance,
and 4m GL. Figure 7a depicts the SNR and the corre-
sponding PV. Since the power of the effective RBS light
(generated by the LFM optical carrier) increases syn-
chronously with the power of the code-induced noise,
both the SNR (the orange-dotted line) and PV (the blue-
dotted line) remain almost constant for all launching
powers. This indicates that the sensing accuracy is inde-
pendent of the launching power.

As mentioned above, a large-bandwidth signal provides
better elimination of interference fading and acquires
better sensing accuracy. However, it must be noted that in
the EF effect analysis, as shown in Fig. 6¢, the SNR of the
subband signals remains almost the same although the
bandwidth changes. Actually, the sensing accuracy is
related not only to the eliminating performance of the
interference fading but also to the SNR of the RBS signal.
In principle, an RBS signal with a larger LFM bandwidth
has a smaller SNR if the launching power remains
unchanged. Therefore, we discuss the effect of the LFM
bandwidth on the sensing accuracy. In the experiments, a
56 Gbit/s PAM4 signal is loaded on a 1 GHz LEM optical
carrier, and the launching power is fixed at 15 dBm. The
LFM bandwidth of the optical carrier is increased from 0.6
to 2GHz with a step of 0.2GHz. When the signal
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bandwidth is less than 1 GHz, the RBS signal is collected
at a sampling rate of 2.5 GSa/s. Otherwise, the RBS signal
is sampled by a 5GSa/s sample rate. For all signals,
a 10-fold frequency response enhancement (EF =10), a
4 m average distance, and a 4 m GL are used in the signal
demodulation. With the increment of the LFM band-
width, the SNR is increased by 2.4 dB, as shown by the
red-dotted line in Fig. 7b. Accordingly, the phase variance
is reduced by 3.59 dB (the blue-dotted line), correspond-
ing to a 3.59dB improvement in sensing accuracy. The
performance improvement indicates that the sensing
accuracy is mainly dominated by the carrier bandwidth.
Finally, the effect of the transmission code on the sen-
sing performance is evaluated. First, a pure LFM optical
carrier with a 1 GHz bandwidth and 15 dBm launching
power is launched into the fibre. Meanwhile, a vibration
driven by a sinusoidal waveform (with a frequency of
800 Hz) is applied to the fibre via a PZT at the 22.5 km
position. The sensor response to the vibration intensity is
calibrated by improving the driving voltage from 0.3 to
2.7V with a step of 0.3 V. In the signal demodulation, EF,
average distance, and GL are set to 10, 4m, and 4m,
respectively. The peak-to-peak phase is calculated, and
the results are shown by the orange-dotted line in
Fig. 8a. The phase value is linearly proportional to the
applied voltage (which corresponds to the vibration
amplitude) with a linearity of 0.9998. After that, a 56 Gbit/
s PAM4 signal is loaded onto the LFM optical carrier, and
the launching power still remains at 15 dBm. The peak-to-
peak phase is calculated and depicted as the blue-dotted
line in Fig. 8a. It must be noted that the transmission code
remains the same as that used in the transmission per-
formance verification (including the code format and
signal power). Compared to the results without trans-
mission code (the orange-dotted line), the phase response
to the vibration amplitude is nearly identical, and
the linearity is equal to 0.9999, indicating that the code
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loading does not distort the sensor response. Further-
more, the SNR and phase variance are computed to
estimate the performance degradation, as illustrated in
Fig. 8b. Compared with the SNR using the pure LEM
optical carrier (the purple line), there is approximately a
2.14dB SNR degradation when the transmission code is
loaded (the green line). Accordingly, the phase variance is
increased by 1.25dB, slightly deteriorating the sensing
accuracy. As described in the operation principle, only the
carrier-corresponding RBS light is utilized to demodulate
the perturbation along the fibre. The noise within the
carrier bandwidth is detrimental to the sensing accuracy.
For a fixed launching power, the code-induced noise
power within the carrier bandwidth decreases as the bit
rate increases. To verify this characteristic, we increase
the bit rate from 40 to 56 Gbit/s with a step of 4 Gbit/s. In
this operation, the LFM bandwidth and the launching
power are fixed at 1 GHz and 15 dBm, respectively. Figure
8c depicts the demodulated results, and the SNR of the
RBS signal improves with increasing bit rate. Compared
with the results of transmitting a 40 Gbit/s signal, the SNR
and sensing accuracy of transmitting a 56 Gbit/s signal are

improved by 0.83 and 0.77 dB, respectively. The experi-
mental results show that the larger bandwidth transmis-
sion signal has less impact on the sensing accuracy.

The above experimental results show that a higher spatial
resolution, higher frequency response, and better mea-
surement accuracy can be simultaneously achieved using a
large-bandwidth LFM optical carrier. Moreover, the larger
bandwidth LFM optical carrier suppresses SBS more
effectively, which ensures that a larger launching power can
be used in the ISAC-OF. Compared to the integrated
IMDD communication and distributed sensing schemes
based on WDM/FDM mechanism, the proposed scheme
has higher spectral efficiency, lower demodulation com-
plexity (in transmission), and better transmission perfor-
mance. Therefore, the proposed scheme may be a better
choice for integrated transmission and sensing in fibre.

Discussion
Applicability

This work proposes an integrated sensing and com-
munication solution for simultaneous PAM4 signal
transmission and distributed vibration measurements.
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Although only the PAM4 signal is performed in the
experiments, this scheme is also applicable for other
amplitude-modulation-based signals, such as OOK,
PAMS6, and PAMS signals. For these signal formats, the
LEM carrier still provides the benefits of SBS suppression
and SPM enhancement, resulting in better transmission
performance than the transmission-only schemes. The
sensing performance of systems using PAM formats
improves as the number of modulation level increases.
For the integrated system using the OOK format, excel-
lent transmission and sensing performance can be
simultaneously obtained by adjusting the signal ampli-
tude. Based on the concept of shared spectrum, the per-
iodic LFM waveform can also be integrated into coherent
optical transmission for long range transmission and
sensing using new modulation and demodulation meth-
ods. Theoretically, the LFM waveform embedded in the
transmission signal can be eliminated by signal synchro-
nization, thus restoring accurate transmission signals.

Spectral efficiency, demodulation complexity, and
transmission performance

In recent years, several works have integrated coherent
optical communication and DOFS using FDM and
WDM?>*~* Generally, coherent optical communication
is used for long range transmission. In short/middle range
communications, IMDD techniques are more commonly
used. In an integrated IMDD communication and DOFS
system, individual spectrum resources are required for data
transmission and DOFS (shared fibre only), which reduces
the spectral efficiency. Moreover, the individual sensing
probe needs to be eliminated in transmission decoding,
which increases the decoding complexity and may degrade
transmission performance. In the proposed ISAC-OF, an
LFM optical carrier is used to carry the transmission code
and simultaneously act as the sensing probe. The trans-
mitted light has the same bandwidth as the transmitted
data in a short time. In particular, The LFM waveform is
modulated to the phase of the optical carrier, but the
transmission signal is loaded to the amplitude. With direct
detection, only the signal amplitude is preserved, while the
signal phase is omitted. As a result, the electrical signal
detected in this solution has the same bandwidth as the
one in the conventional PAM4 signal transmission. Ben-
efitting from this property, the proposed scheme uses the
same detection components and demodulation methods as
the conventional PAM4 signal transmission. More
importantly, the introduction of the LFM optical carrier
improves the transmission performance. Based on the
above analysis, the proposed integration scheme has higher
spectral efficiency, lower demodulation complexity in
transmission, and better transmission performance com-
pared with an integrated IMDD communication and sen-
sing system based on WDM/FDM.
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System simplification and performance improvement
Restricted by the devices currently used in the experi-
mental setup, the system is complicated. Actually, the
detection of the sensing signal can be significantly sim-
plified by using appropriate devices. For instance, if a
dedicated optical filter with a narrow filter edge is used to
produce the LEM optical carrier. The frequency offset can
be greatly reduced and the local light (in the lower
branch) can be replaced by the laser source. In addition,
the LFM optical carrier can be directly used as the local
light based on dechirp operation®®. In this work, the
power of the RBS light is sufficiently large that amplifi-
cation and filtering can be removed if appropriate detec-
tors are used**”°, Although the optical amplification
used in SSB modulation improves the carrier power, it
also reduces the OSNR of the optical carrier. Since both
transmission and sensing performance are dominated by
OSNR, it is critical to improve the carrier’s OSNR. Optical
injection locking can enable high-performance SSB
modulation and may be an alternative for generating a
high-performance LFM optical carrier'>***,

The potential function of the integrated sensing and
communication in optical fibre

Rayleigh scattering is an elastic scattering, and the var-
iations in the forward light (time and frequency char-
acteristics) will be fed back to the RBS light. Hence, the
forward light variations caused by non-linear effects can be
theoretically analyzed with the corresponding RBS light.
Using the analyzed non-linear parameters, the signal dis-
tortion induced by the non-linear effects might be cor-
rected, thereby improving the transmission performance.

Materials and methods
LFM optical carrier generation

To obtain excellent transmission performance, the
amplitude of the LFM optical carrier should be kept as
constant as possible. In practice, the amplitude of the
LFM optical carrier may change due to the variation of
the RF power, especially at the frequency burst point.
Such a case, a pre-distortion can be implemented in the
LEM waveform generation to compensate for the ampli-
tude fluctuations of the LFM optical carrier.

Transmission decoding

In this work, the same decoding approach as the con-
ventional PAM4 signal transmission is used to decode the
transmission signal®®>. The decoding algorithm includes
five steps: (1) Resample, the signals are resampled to 4 Sa/
symbol. (2) Matched filtering, the signals are processed by
a matched filter to recover the effective signals. (3) Clock
recovery and down-sampling, the Gardner’s method is
used to recover the clock and get the optimum sampling
point®®, and then downsample the signals to 1 Sa/symbol
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for further processing. (4) Equalization, the channel
equalization is implemented by the decision-directed
least-mean-square (DD-LMS) error algorithm. (5) Deci-
sion and BER calculation.

Sensing signal demodulation

The orthogonal RBS signals collected from the coherent
receiver are first converted into complex signals in the
digital domain. By convoluting the complex RBS signals
with the corresponding DMF, the effective RBS signals are
obtained. The DMF sppr(f) is generated in the digital
domain based on the DC component of the LEM optical
carrier, which is expressed as.

some(t) = exp |27 (fy — fi)t + jmkt? —l—jﬂ (1)

where f; and f; denote the initial frequency of the LFM
optical carrier and the frequency of the local light,
respectively. k is the chirp rate of the LFM waveform,
equal to B/T,, B and T, are the bandwidth and repetition
period of the LFM optical carrier, respectively. The
intrinsic spatial resolution is determined by the band-
width of LFM waveform and equal to ¢/(2x,B), where c is
the light velocity in vacuum, 7, is the effective refractive of
the fibre.

Due to the time-frequency characteristics of the con-
tinuous periodic LFM optical carrier, the frequency
response of the system can be increased by signal seg-
mentation and timing splicing in the signal proces-
sing®>*%, In signal segmentation, the RBS signal is divided
equally into EF parts in the frequency domain, and the
bandwidth of the subband signal (B,) is equal to B/EF. By
calculating the differential phases with a predefined GL
and splicing the differential phases according to the time
series of each subband signal, the effective sensing signals
are obtained. Note that EF can be flexibly adjusted in the
signal processing. In the phase retrieval, the phase shift
transform*® and the rotated-vector-based moving aver-
age®”*® are performed to eliminate the interference fad-
ing. Here, the rotated-vector-based moving average is
performed along the distance axis.

SNR calculation

The RBS signals with interference fading elimination are
used to calculate the SNR. The RBS signal is a two-
dimensional (2D) array and the signal amplitude is
denoted as A(zt). z is the fibre location generating the
RBS signal, ¢ denotes the time at position z. The average
amplitude A(z) and amplitude variance V[A(z)] of the RBS
signal at position z are calculated along the time axis. The
signal power P; and noise power P, are calculated using
the equations P;=A%(z) and P,= V[A(z)], respectively.
Then, the average signal power and noise power around
the vibration location (22.5km) are calculated as the
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effective signal power P and effective noise power N,
respectively. Finally, the SNR is computed with the
expression 10log10(P/N).

> {mean[A(z;, 1)]}*

| ; var[A(z;, t)] )

SNR = 101log 10

where mean[] and var[] denote the average and variance
operators, respectively. z; is the fibre location that
generates the RBS signal.

Phase variance calculation

The phase is first retrieved using the RBS signals with
interference fading elimination. The phase array is
denoted as ¢(z, t) and the phase variance V[g(z)] is cal-
culated along the time axis. The effective phase variance is
calculated by averaging the phase variances around the
vibration position (22.5 km), which accurately represents
the phase noise floor and sensing accuracy.
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