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Appendix A

The simulation of the BEF characteristic

In the ϕ-OTDR based distributed acoustic sensing system, the backscattering process of single mode fiber (SMF) probed by highly
coherent light source can be modelled by a set of Rayleigh scattering points (RSPs) whose size are smaller than the light wavelength
[1]. The RSP can be characterized by the amplitude value with Rayleigh distribution and phase term with uniform distribution [2].
In order to simplify the fiber model and reduce the amount of calculation, the size of each RSP was set to 1µm, and 1000 RSPs
were aggregated to form a 1mm RSP in the following simulation. For the coherent detection DAS system [3], assume that the shape
of the probe pulse is sinc function, without the consideration of fiber transmission attenuation and the effect of the polarization
state, and the signal received by the data acquisition card (DAQ) can be expressed as:
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where M is the total number of RSPs within one pulse width,a(m) and ϕ(m) are the amplitude and phase value of mth RSP,
respectively,∆ω is the heterodyne detection frequency shift value which was set to 200MHz, tm is the round trip-time of lightwave
traveling between the fiber near end and the mth RSP. And W is the pulse width which was set to 20ns in the simulation.
In our previous work, a special sensing fiber named backscattering enhanced fiber (BEF) is proposed to enhance the SNR of the
RBS and provide a more stable scattering signal [4]. As illustrated in Fig. A1(d), compared to the SMF, there exists a series of
backscattering enhanced points (BEPs) in the optical fiber with a reflectivity of 3-20dB higher than local RSP without wavelength
selectivity. When the pulse width is smaller than the interval of BEP, there will be only one BEP in a pulse width. In the scattering
model of BEF, the amplitude of one BEP become much larger which was set to 10dB higher than RSP in the simulation, hence
the coherent superposition of scatters within one pulse width can be approximately characterized by the backscattering signal of
the BEP, and then the signal shows enhanced reflected peak as illustrated in Fig. A1(e). Hence, the backscattering intensity
distribution of the whole BEF presents the form of a series of discrete peaks. Based on the above analysis, a simulation result of 3
separated BEF intensity traces is illustrated in Fig. A1(f), in which the fiber contains 11 BEPs corresponding to 11 discrete peaks
with the equal interval of 10m. .

Figure A1 (a) The scattered model of the SMF; (b) backscattering signal of SMF in one pulse width; (c) the RBS signal of the
SMF from multiple probe pulses; (d) the scattered model of the BEF; (e) backscattering signal of BEF in one pulse width; (f) the
RBS signal of the BEF from multiple probe pulses.
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Time-slot multiplexing principle
Nmax =
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Where ∆L is the interval of two adjacent BEPs, W is the peak width of BEP.
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where fmax is the largest scan rate, L is the fiber length, c is the light velocity, and nef f is the refractive index.

Figure B1 Time-slot multiplexing principle of BEF. (a) the backscattered trace of SMF; (b) the backscattered trace of BEF;
multiplexed trace of BEF when (c) n=1; (d) n=2; (e) n=3.(f) n=4; (g) n=5;

Appendix C

Trace demoultiplexing and demodulation

As the BEF is automatically fabricated by the laser exposure process, the equal spacing of two adjacent BEPs ∆L can be controlled
precisely, leading to a uniform distribution of the discrete peaks. Owing that the spatial distribution of the discrete peaks is relatively
fixed, all BEPs can be located as long as the first BEP location of one single trace is found. Here, the correlation mechanism is
utilized to locate the starting point of single trace and distinguish different backscattered curves. A single pulse trace without
overlap is obtained in advance to act as the reference signal which is expressed as Eref , and the multiplexed trace in the total
measurement time can be expressed as:
Emul = E(t1 ) + E(t2 ) + E(t3 ) · · · +E(tk ).

(C1)

where Emul is the multiplexed trace, E(tk ) is the kth trace obtained by kth probe pulse, and ∆t = tk − tk−1 is the pulse interval.
Then the process of cross-correlation between reference signal and multiplexed trace is calculated as follows:
Ecorr = Eref ⊗ Emul .

(C2)

Since the result of cross-correlation reflects the measurement of similarity between two signals, Ecorr will appear as discrete
correlation peaks whose spacing distance is equal to probe pulse interval ∆t . Hence, the start point of every trace probed by single
pulse can be obtained. Further, by demodulating the phase difference between two adjacent BEP peaks through IQ demodulation
method, the phase information along the whole fiber can be obtained. Moreover, the acoustic signal demodulated results can be
realized by recombining the phase values in the order of traces insertion.

Figure C1

The process of trace demultiplexing and demodulation.
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Experimental setup and results

A high coherent narrow linewidth laser (NLL, linewidth<0.1kHz) is employed as the light source with a wavelength of 1550nm
and emitted power of 20mW. The continuous light emitted by the NLL is split into two beams by the optical coupler (OC) with
a splitting ratio of 9:1, which are served as the probe signal and local oscillator (LO), respectively. The probe light is injected
into an acousto-optic modulator (AOM) to generate a frequency shift of ∆f . It is worthwhile mentioning that the width of the
optical pulse should be as small as possible when the BEP interval ∆L is fixed. Modulated by the FPGA signal, the probe pulses
with a width of 30ns are generated by semiconductor optical amplifier (SOA). The pulse interval is precisely controlled by FPGA
module to realize the time-slot multiplexing. After amplified by the erbium-doped optical fiber amplifier (EDFA), the pulses are
transmitted to the fiber under test (FUT) with the length of 1020m (208m SMF and 812m BEF) and the BEP interval of 20m. To
generate high-frequency acoustic signals, the fiber between the last two BEPs is wrapped on the piezoelectric transducer (PZT).
The backscattered light of the sensing fiber which carries the external acoustic signal is launched into the polarization beam splitter
(PBS) to separate two polarized states of the scattered signal. At the receiving end of the terminal, the coherent detection is utilized
to improve the SNR of the received signal, and the polarization diversity scheme is used to eliminate the influence of heterodyne
polarization fading. The X and Y light respectively beat with the local oscillators (LO) which are split by the 1:1 coupler. And the
polarization controller (PC) at the local oscillator is utilized to adjust the polarization state, which is beneficial for the balance of
the signals detected by two balanced photodetectors (BPD). After collected by the data acquisition card (DAQ, 1G Sa/s sampling
rate), the phase demodulation of each polarization light can be performed. Further, by combining two states of the phase value,
the external acoustic signals along the whole fiber can be precisely recovered.

Figure D1 The system configuration of the DAS. NLL: narrow linewidth laser; OC: optical coupler; AOM: acousto-optic modulator; EDFA: erbium-doped fiber amplifier; Cir: circulator; PC: polarization controller; PBS: polarization beam splitter; BPD:
balanced photo detector; DAQ: data acquisition card; FUT: fiber under test; BEF: backscattering enhanced fiber; BEP: backscattering enhanced point; PZT: piezoelectric transducer.

Figure D2 Trace multiplexing and demultiplexing and time-slot demodulation results. (a) reference trace; (b) superimposed
trace; (c) correlation between (a) and (b); (d) time domain signal of 50kHz under the sampling rate of 200kHz; (e) the PSD of (d).

Appendix E

Discussion

It should be noted that there is a trade-off between spatial resolution and maximum frequency response. Since a sensing channel
is calculated by demodulating two adjacent BEPs’ phase difference of one trace, the spatial resolution is defined as the spacing
between two adjacent BEPs. Consequently, in order to obtain higher largest scan rate, the ∆L should be larger, resulting in a lower
spatial resolution. However, when the sensing distance and maximum scan rate are fixed, the smaller the pulse width is, the higher
the spatial resolution is. Consequently, assisted with pulse narrowing technology, the spatial resolution of the system can also be
improved. Besides, the relationship between the maximum measurable strain value and the spacing interval should be discussed.
In order to increase more number of inserted additional BEP peaks, the distance between two BEPs which is gauge length will be
increased. Therefore, under the limitation of (-π, π), the maximum measurable strain will decrease. However, the demodulation
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Figure D3 50kHz signal time-slot demodulation results under the condition of different number of time-slot multiplexing. (a)
n=2; (b) n=3; (c) n=4; (d) n=5; the PSD of (e) n=2; (f) n=3; (g) n=4; (h) n=5.

Figure D4 100kHz signal time-slot demodulation results under the sampling rate of 600kHz. (a)time domain waveform; (b) PSD
of the 100kHz signal.

beyond π limit can be achieved by phase unwrapping algorithm [5]. Besides, the SR value (defined as the product of the maximum
measurable strain-change between two adjacent sampling points and the scan-rate in Ref. [6]) of the system can be increased by
reducing the pulse repetition period, such as reducing the pulse width as much as possible with gauge length unchanged.
References
1
2
3
4
5
6

L. B. Liokumovich, N. A. Ushakov, O. I. Kotov, et al. Fundamentals of optical fiber sensing schemes based on coherent optical
time domain reflectometry: signal model under static fiber conditions. J. Lightwave Technol., 2015, 33: 3660-3671
P. Healey. Fading rates in coherent OTDR. Electron Lett, 1984, 20: 443–444
T. Liu, H. Li, F. Ai, et al. Ultra-high resolution distributed strain sensing based on phase-OTDR. In: Optical Fiber Communications Conference and Exhibition (OFC), 2019. Th2A.16
H. Li, Q. Z. Sun, T. Liu, et al. Ultra-high sensitive quasi-distributed acoustic sensor based on coherent OTDR and cylindrical
transducer. J. Lightwave Technol., 2020, Vol: 38, 929-938
G. Tu, X. Zhang, Y. Zhang, et al. The Development of an ϕ-OTDR System for Quantitative Vibration Measurement. IEEE
Photonics Tech. Lett., 2015, 27: 1349-1352
Z. T. Wang, J. L. Jiang, Z. N. Wang, et al. Quasi-distributed acoustic sensing with interleaved identical chirped pulses for
multiplying the measurment slew-rate. Opt. Express, 2020, 28: 38465-38479

