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The rapid development of wavelength-division multi-
plexing systems has underscored the critical require-
ment for effective link monitoring to ensure system reli-
ability and performance. Traditional approaches often
rely on separate devices for communication and sens-
ing, which can compromise spectral efficiency and in-
crease system complexity. This work presents an in-
novative method for integrating communication and
sensing within a conventional optical supervisory chan-
nel. Four QPSK data streams with different duty ratios
enable robust communication and precise sensing with
a 125 MBaud transmitter. The forward transmission of
communication signals is demonstrated with impecca-
ble accuracy, delivering bit-error-free performance over
two fiber links. Concurrently, sensing data is extracted
through polarization-diversity reception of the backscat-
tering signal. The distributed acoustic sensing sensitiv-
ity achieves 0.50 nε/

√
Hz in 10.2 km and 0.65 nε/

√
Hz

in 40.0 km at a spatial resolution of 10 m by employ-
ing a matched filter. This approach effectively adopts
the defined forwarded transmitted control signals or
channel information signals, such as channel power, op-
tical signal-to-noise ratio, and Q-factor, simultaneously
achieving sensing applications without any dedicated
channel or resource.
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Wavelength-division multiplexing (WDM) fiber-optic com-4

munication systems provide extensive fiber link resources[1]5

and numerous network nodes[2] that can be utilized for sens-6

ing purposes. Integrating sensing capabilities into communi-7

cation networks enables diverse applications, such as traffic8

monitoring[3], perimeter intrusion detection[4], and observing9

geological phenomena like earthquakes and tsunamis[5–7].10

Based on Rayleigh scattering, distributed acoustic sensing11

(DAS) is a central scheme of backward sensing[8, 9], enabling12

precise detection of multiple events and subtle changes along13

the fiber. However, traditional DAS requires a dedicated WDM14

channel, increasing spectrum resource. Pilot tones have been15

introduced [10, 11] to achieve integrated sensing and communi-16

cation (ISAC) in digital subcarrier multiplexing systems, but the17

power of sensing pilot can degrade communication performance.18

Alternatively, optical carriers have been utilized for distribued19

sensing [12], which is restricted to intensity modulation direct20

detect (IMDD) systems due to the inherent suppression of carri-21

ers in coherent optical communication systems. Similarly, both22

pilot-tone-based and carrier-based ISAC methods require the23

introduction of additional hardware, such as modulators and24

optical filters, to generate a pure sensing probe, which signif-25

icantly increases system complexity and poses challenges for26

practical deployment. Furthermore, live communication data27

for distributed sensing have been explored, such as leveraging28

the backscattering of PSK data to detect vibrations along the29

fiber link[13]. However, these methods either use continuous30

signals, which struggle to reconstruct vibration waveforms and31

only support a sensing range of 500 m[14], or rely on pulse se-32

quences, which are too short to carry sufficient communication33

information[15].34

Optical Supervisory Channel (OSC) offers unique advantages35

for monitoring within WDM systems. The OSC provides a ded-36

icated channel for communication between network nodes, al-37

lowing for both upstream and downstream data transmission38

independent of the main communication channels[16]. This39

unique structure makes the OSC highly suitable for sensing40

applications, as it enables continuous monitoring without in-41

terfering with data streaming on the primary communication42

channels. Surrounding events like hammer strikes can be de-43

tected in OSC by monitoring changes in polarization states[17],44

which has limitations in achieving distributed and precise sens-45

ing.46

In this letter, a technique is proposed to repurpose the OSC47

as a combined communication and sensing medium. By adopt-48

ing a QPSK modulation format and incorporating a designed49

duty ratio (DR), the forward communication signal with con-50

trol command or channel information also serves as the sensing51

probe, akin to a phase-sensitive optical time-domain reflectom-52

etry (ϕ-OTDR) system with a long communication frame. The53

inherently low bandwidth of the OSC aligns well with the sens-54
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ing system requirements, reducing system complexity and cost.55

Furthermore, by operating within the OSC, this method circum-56

vents the need to occupy additional frequency or time-domain57

resources, ensuring compatibility with existing communication58

fibers. It minimizes cross-channel nonlinear impairments within59

high-capacity WDM systems, utilizing a matched filter to en-60

hance sensing precision without compromising communication61

integrity. By meeting both the sensing and communication62

demands within a unified channel, this technique provides a63

streamlined and cost-effective solution for real-time network64

monitoring.65

Fig. 1(a) demonstrates the proposed OSC multiplexing66

scheme in the WDM system. By expanding the functionality of67

this channel to include Rayleigh backscattering (RBS) sensing,68

we transform it into a dual-purpose channel, supporting both69

fiber communication and sensing. This dual-function design70

effectively leverages existing network infrastructure, eliminat-71

ing the need for additional sensing channels and minimizing72

resource overhead. Fig. 1(b) provides a schematic of the struc-73

ture of the OSC subsystem, showing how the upstream and74

downstream wavelength channels are organized to supervise75

the signal-to-noise ratio (SNR) of the channel and convey the76

information, including Erbium-doped fiber amplifier (EDFA)77

operating status.

Fig. 1. (a) Proposed OSC scheme in WDM system, and (b)
structure of a detailed OSC subsystem.

78

The primary objective of distributed sensing is to acquire the79

time response of the optical fiber link, which can be written as80

h(t). Ideally, the probe distributed detection can be represented81

by an impulse function δ(t), and the received signal rideal(t) can82

be expressed as83

rideal(t) = δ(t) ∗ h(t) = h(t), (1)

where the operator ’∗’ represents the convolution operation.84

This means the detection system can identify the instantaneous85

response at any point along the fiber, thereby achieving high86

spatial resolution. However, traditional distributed sensing typi-87

cally employs a single pulse with a certain width τ as the probe88

signal rect
( t

τ

)
, where the pulse width directly influences the89

spatial resolution of the detection. The received signal rpulse(t)90

can be expressed as91

rpulse(t) = rect
(

t
τ

)
∗ h(t). (2)

In distributed sensing based on the communication data92

stream, communication data symbols are transmitted, which93

can be seen as a series of pulses. When these symbols reach the94

receiving end, the received signal is actually the superposition95

of the time responses of each symbol. The data symbols can be96

defined as97

C(t) =
N

∑
n=1

Cn exp (j2π f0nτ + jϕi) rect
(

t − nτc

τc

)
, (3)

where Cn means the amplitude of nth single symbol, N is the98

symbol number, f0 represents the modulation frequency, τc is99

the duration time of single symbol, ϕi is the modulated phase100

states(i = 1, 2, 3, 4 for QPSK signal). Then the received signal101

rcomm(t) can be expressed as102

rcomm(t) = C(t) ∗ h(t). (4)

To extract individual information from each symbol, autocor-103

relation analysis can be employed to attain the desired time-104

domain response. Specifically, the received response signal can105

be correlated with the transmitted symbol signals, which can be106

expressed as107

rxc(t) = rcomm(t)⊗ C(t) = [C(t)⊗ C(t)] ∗ h(t), (5)

where rxc(t)represents the recovered response, and the operator108

’⊗’ represents the correlation operation. The autocorrelation109

function of data streams can be defined as k(t) = C(t)⊗ C(t),110

and can be further expressed as111

k(t) = Λ
(

t
τc

)
+ n(t) ≈ Λ

(
t
τc

)
, (6)

where Λ
(

t
τc

)
= rect

(
t
τc

)
∗ rect

(
t
τc

)
, n(t) represents the side-112

bands of the autocorrelation function. In random QPSK signals,113

the peak-to-sideband noise ratio exceeds 15 dB, which can be114

neglected in short-distance transmission. Thus, the decoded115

process can be viewed as using the autocorrelation peak func-116

tion as a sensing probe. The main lobe width of the function is117

governed by τc, which determines the spatial resolution. The118

common OSC optical module operates at a 125 MBaud, corre-119

sponding to a theoretical spatial resolution of 4 m after rotate-120

vector summed (RVS)[18]. The complete process of distributed121

sensing using live QPSK streams is shown in Fig. 2. In this setup,122

the data symbols go through pulse-shaping to preserve the fi-123

delity of the signal over the fiber link. The signal after pulse124

shaping can be seen as C(t), and then zero-padding is applied125

to extend the symbols by adding a series of zero values to the126

end. The length of the zero-padding is chosen to be greater127

than the round-trip time (RTT) of the fiber under test (FUT) to128

prevent overlap between consecutive sequences. Meanwhile,129

the length of symbols in each data stream must be less than130

the zero-padding length to avoid autocorrelation interference131

between consecutive sequences. The structured sequence is sent132

to an arbitrary waveform generator (AWG) for up-sampling133

to prevent inter-symbol interference and transmission through134

the FUT. The data streams propagate forward as a communica-135

tion signal while simultaneously enabling sensing based on its136
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Fig. 2. Process of distributed sensing using live QPSK streams.

backscattered reflection. Finally, the sensing signal is collected137

by the acquisition system and downsampled, and then the cross-138

correlation is performed to isolate the backscattering sensing139

information from the forward communication signal.140

We conduct a 125 MBaud QPSK experiment to demonstrate141

the proposed ISAC scheme over OSC, as illustrated in Fig. 3.142

An AWG (Keysight M8190A) generates four communication143

streams with different DRs. To satisfy the previously mentioned144

zero-padding condition, the duration time without information145

is set to be longer than one RTT, specifically 214 symbols for 10.2-146

km fiber and 216 symbols for 40.0-km fiber. Four QPSK streams147

with DRs of 5.9%, 20.0%, 33.3%, and 50.0% are transmitted over148

two fiber links. The light emitted from the narrow linewidth149

laser (NKT E15) is equally divided into two paths: one path is di-150

rected to the IQ modulator, and the other path serves as the local151

oscillator. EDFA1 and EDFA2 are used to amplify the commu-152

nication and backscattering sensing signals. After amplifying,153

two optical bandpass filters (OBPFs) filtered out unwanted spon-154

taneous emission (ASE) noise. A 10 m piezoelectric ceramic155

transducer (PZT), driven by a sin wave of 800 mV Vpp and 200156

Hz frequency, is placed at the end of the fiber link to test vibra-157

tion. The communication signal is received by four balanced158

photodetectors (BPDs) and a digital storage oscilloscope (DSO,159

Keysight DSAZ594A). On the communication side, it is essential160

to first trim the resampled signal since the transmitted signal is161

structured with a specific DR. It involves isolating the valuable162

information by discarding the zero-padded portions and then163

continuing the subsequent compensation steps (chromatic dis-164

persion compensation, frequency offset compensation, and car-165

rier phase recovery). On the sensing side, polarization-diverse166

reception of the Rayleigh backscattering signal is implemented167

to eliminate polarization fading with the integrated, coherent168

receiver (ICR, Neophotonic class 40), followed by another DSO169

(Keysight MSOS404A). To mitigate interference fading, we apply170

the RVS algorithm based on the communication signal, which171

utilizes a Finite Impulse Response (FIR) filter to divide the spec-172

trum of the transmitted non-return-to-zero (NRZ) signal into173

five distinct segments. Subsequently, a low-pass filter is applied174

to the demodulated trace in the time domain, resulting in a175

smoothed phase trace.176

Figure 4(a) and (b) show the demodulated phase traces re-177

ceived for streams with DRs of 5.9% and 50.0% over a 10.2-km178

fiber link. For the low DR stream, the location of the vibration179

point can be accurately identified and a spatial resolution of 10180

m can be determined from the zoom-in view of Fig. 4(a).181

However, as the DR increases, phase noise becomes more182

Fig. 3. 125 MBaud QPSK ISAC Experimental setup.

Fig. 4. Strain traces of (a) 5.9% DR stream and (b) 50.0% DR
stream. (c) Differential intensity plot and (d) extracted strain
trace of 50.0% DR stream.

pronounced, making it challenging to locate the vibration points183

for long-sequence QPSK streams. Although we have already184

significantly suppressed interference and polarization fading185

effects employing the RVS algorithm and dual-polarization re-186

ceivers, the noise in these longer sequences primarily arises from187

non-ideal autocorrelation properties of the probe signal k(t). As188

the DR grows, the noise side-lobes n(t) in the autocorrelation189

function have a broader influence, leading to phase trace overlap190

and reduced clarity.191

Despite this, the strong autocorrelation peak Λ(t) generated192

by the probe sequence remains sufficient to excite a robust chan-193

nel response in terms of signal intensity. Subsequently, we can194

identify the vibration locations by analyzing the intensity wa-195

terfall plot rather than relying on the phase waterfall. Taking196

the 50.0% DR stream as an example, Fig. 4(c) displays the in-197

tensity distribution relative to the initial time, where vibration198

and Fresnel reflection locations are distinguishable. Fig. 4(d)199

illustrates the extracted strain waveform from the identified200

location, and the PSD curves of the extracted vibration wave-201

forms from four sets of streams are calculated in Fig. 5(a). The202

PSD curves indicate that the frequency of the demodulated vi-203

bration is approximately 200 Hz, with a noise floor of about204

-28 dB rad2/Hz. The corresponding strain sensitivity is calcu-205

lated to be 0.50 nε/
√

Hz, which determines the lower limit of206

strain detection. The experiment is subsequently extended to207

a 40.0-km fiber link. Under this condition, the accumulation of208

laser phase noise over the extended distance, combined with209

the limitations of the correlation function, resulted in the loss210

of vibration information in streams with 33.3% and 50.0% DRs.211
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The sensing performance of the system with 20.0% DR stream212

at different PZT vibration frequencies is further tested, with the213

corresponding PSD curves presented in Fig. 5(b). The noise floor214

of the PSD curves is about -25 dB rad2/Hz, corresponding to215

a strain sensitivity of 0.65 nε/
√

Hz. The maximum detectable216

vibration frequency is intrinsically linked to the sensing distance217

and stream DR due to its impact on the sampling rate of the218

event.219

Fig. 5. (a) The PSD curves of different DR streams over 10.2-
km fiber link. (b)The PSD curves of 5.9% and 20.0% DR
streams and different vibration frequencies adopting 20.0%
DR over 40.0-km fiber link.

The SNR of the proposed system is calculated as the ratio of220

the root-mean-square (RMS) strain value at the location of the221

PZT to that of the calm fiber section wound around the PZT. Ta-222

ble 1 shows the SNR values for DRs and fiber lengths. Regarding223

the distributed sensing of 10.2-km fiber, SNR decreases steadily224

as DR increases. For the 40.0-km fiber, SNR drops sharply at225

higher DRs, and vibration information is unobtainable beyond226

20.0% DR due to excessive noise.

Table 1. SNR under different DRs and fiber lengths

Fiber Length
SNR under different DRs (dB)

5.9% 20.0% 33.3% 50.0%

10.2 km 18.81 14.80 11.63 4.24

40.0 km 16.70 5.55 - -

227

Fig. 6(a) depicts the SNR of the demodulated signals at the228

communication receiver under the transmission of four sets of229

sequences, with no bit errors (BER) observed over the entire230

10.2-km and 40.0-km fiber link. The stream with low DR means231

higher peak power launched into the fiber induces nonlinear232

effects in the channel during long-distance transmission, im-233

pacting communication performance. Consequently, under the234

40.0-km link, the SNR of the stream with a 5.9% DR exhibits a235

significant decline. Fig. 6(b) and (c) illustrate the communication236

constellations for transmissions at 20.0% DR over 10.2-km and237

40.0-km fiber links, demonstrating that the extended transmis-238

sion distance minimally impacts communication performance.239

Based on the calculated sensing SNR and communication per-240

formance, the QPSK stream with a 20.0% DR is preferred. It241

represents the maximum duty cycle that allows for effective242

distributed sensing, achieving the trade-off between increased243

communication rate and sensing capability over 40.0-km trans-244

mission.245

In conclusion, the integrated system effectively combines246

communication and sensing within OSC through live QPSK247

Fig. 6. (a) SNR and of the forward communication signals over
two fiber links. Constellations for transmissions at 20.0% DR
over (b) 10.2 km and (c) 40.0 km.

streams. Distributed vibration sensing and forward communi-248

cation with 125 MBaud QPSK streams with four different DRs249

are demonstrated over 10.2-km and 40.0-km fiber links. By in-250

tegrating intensity plots for localization with phase traces for251

strain demodulation, six out of the eight setups successfully252

achieve distributed sensing. Our approach provides a scalable253

solution for network operators, enhancing channel utility and254

supporting real-time monitoring applications without additional255

infrastructure.256
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