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Abstract: Aging urban underground pipelines face growing risks, making early damage
detection essential. Conventional monitoring methods have limited coverage and scalability.
Forward-transmission distributed vibration sensing (FTDVS) can provide real-time condition
assessment, but existing positioning methods cannot operate when multiple vibration events
overlap in frequency, severely limiting practical application. To address the lack of this critical
capability, we propose a time-domain shifting-assisted cepstrum method that extracts primary
delays, suppresses dominant components through time-domain shifting, and analyzes residual
signals to recover secondary delays. The proof-of-concept experiments results from a 34 km
long sensing fiber under three scenarios demonstrate reliable multi-point positioning, achieving
positioning accuracies as small as 12.7 m. The results are highly relevant to applications such as
real-time pipeline surveillance, security monitoring, and smart city infrastructure assessment.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The extensive networks of underground pipelines, cables and tunnels form the hidden backbone
of urban infrastructure [1]. However, these systems are increasingly vulnerable to damage from
aging, nearby construction activities, and even malicious sabotage [2]. Timely detection of these
activities is essential to mitigating service disruptions and structural failures [3]. Conventional
inspection techniques are constrained by limited spatial coverage, delayed response time, and
substantial operational cost, rendering them inadequate for real-time, large-scale monitoring
[4]. Distributed vibration sensing (DVS) using optical fiber has emerged as a promising class
of technologies that offers distinct advantages over traditional electrical sensors, including long
sensing range, high sensitivity, immunity to electromagnetic interference, and robustness in
harsh environments [5]. These characteristics of fiber-optic DVS present a particularly attractive
solution for scalable, real-time monitoring of underground infrastructure.

DVS technologies can be broadly categorized into two types: backscatter-based and forward-
transmission-based systems (FTDVS) [6]. Backscatter-based DVS systems, such as optical
time-domain reflectometry (OTDR) and optical frequency-domain reflectometry (OFDR), utilize
Rayleigh backscattered light as the sensing mechanism for detecting localized perturbations
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[7-9]. By employing interferometric configurations such as Sagnac interferometers (SI) or
Mach—Zehnder interferometers (MZI), FTDVS extracts phase information from interference
signals for vibration monitoring and positioning [10-14]. Since the forward-propagating signal
is several orders of magnitude stronger than its backscattered light, FTDVS offers a significantly
better signal-to-noise ratio compared to their backscatter-based counterparts [15]. Moreover,
optical fibers are already extensively deployed in urban environments for communication purposes
[16], such as underneath building flooring or under pavements. If forward-transmission sensing
can be integrated into existing communication systems [17], the fiber networks upgrade to
dual-purpose as a scalable and low-cost platform for continuous underground infrastructure
monitoring — particularly in pipeline systems where high spatial coverage and low latency
are required. Recent progress has also demonstrated that forward-transmission systems can
detect weak real-world vibration events under strong environmental noise through adaptive
time-frequency masking, further highlighting the potential of this sensing architecture [18].
Such T-F-masking-based approaches provide excellent sensitivity and noise suppression for
detecting and localizing weak real-world events, but they are primarily designed for one dominant
event at a time rather than simultaneous localization of multiple fully overlapped vibration
sources. In practical deployments, vibration activities along long fibers are generally sparse,
however, two independent disturbances—such as construction impacts overlapping with traffic
or human-induced vibrations—may still coincide within the same short analysis window and
therefore require reliable separation. In contrast, the probability of three or more independent
broadband events occurring simultaneously is extremely low. Even under these practical
conditions, most FTDVS methods encounter significant challenges when multiple vibration
events occur simultaneously [19]. In particular, existing multi-event localization schemes each
exhibit clear strengths but are usually built on simplifying assumptions such as identical spectral
content between vibration sources or single-frequency excitations at distinct frequencies, which
limits their applicability to broadband events distributed along the fiber [20-23]. Among
these works, ultra-long forward-transmission schemes demonstrate thousand-kilometer—scale
sensing with a wide frequency response, and dual-sensor adaptive beamforming techniques
provide strong interference rejection through coherent multi-receiver processing; however, these
approaches are essentially tailored to single-event or partially separated sources and therefore
cannot rigorously resolve fully overlapped broadband events. Recent work using mirror-image
correlation can localize multiple events with overlapping time traces by exploiting contrasts
between their transient and stationary stages. However, since it depends on distinguishable
transients and requires iterative delay scanning, its performance degrades when broadband
transients fully coincide, makes it less suitable for fully superimposed broadband events and
real-time operation [24]. Beyond interferometric signal processing, multi-event localization
has also been explored using deep-learning models in Sagnac-based systems. Such data-driven
approaches can achieve highly accurate multi-point localization after training by regressing
vibration positions from learned spectral patterns, yet they rely heavily on supervised training and
often require scenario-specific retraining, which limits their convenience and generalizability to
arbitrary broadband vibration signatures [25]. This limitation reduces the practicality of FTDVS
in complex urban settings, where diverse and overlapping vibration sources are prevalent.

In this work, we address a critical gap in FTDVS and present a new positioning method for
complex vibration signals (broadband and overlapping). A dual Mach-Zehnder interferometric
system is employed for extracting optical phase variations, integrated with a cepstrum and time-
domain shifting method to estimate both relative and absolute delays of overlapping vibration
signals [26]. This framework extends cepstrum-based delay estimation beyond single-source or
identical-source conditions, enabling accurate localization of overlapping broadband vibrations
with distinct spectral characteristics.
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2. Principle and methodology

In the proposed forward-transmission distributed vibration sensing (FTDVS) system, two optical
beams of identical wavelength are launched in opposite directions through a common single-mode
fiber. External vibrations acting on the fiber induce axial strain and variation in the effective
index, which in turn modulate the phase delay of light. These phase-modulated signals are
subsequently extracted at the photodetector pairs. When multiple segments along the sensing
fiber are simultaneously subjected to different vibrations, the phase signals detected at each end
of the fiber represent a superposition of vibration components with different time delays, as
illustrated in Fig. 1.

e
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Fig. 1. Forward-transmission distributed sensing system based on a dual Mach—Zehnder
interferometer. LD: laser diode; OC: optical coupler; S1, S2: signal light; LO: local light;
Cir: circulator; RX: receiver; AWG: arbitrary waveform generator; PZT: piezoelectric
transducer; BPD: balanced photodetector; OSC: oscilloscope.

The optical signals from path S1 and path S2 can be expressed as:
Ey = VP cos(wt + @1 (1) + @i (t = T1.1) + @ua(t = 721)) )]

E> = VP cos(wt + @) + @i (t = T12) + @ua(t — 122)) 2

The local signal can be expressed as:
Ero = VP cos(wf) 3)

Here, P denotes the signal power and w is the angular frequency. ¢,(¢) and @,»(¢) denote
independent phase noise contributions originating from the photodetection and electronic circuitry,
including shot noise, thermal noise, amplifier noise, and residual imbalance. ¢,;(f) denotes the
phase modulation caused by vibration source i. The propagation times from vibration source i to
RX1 and RX2 are denoted by 7;; and 7; 2, respectively.
The relative propagation delay of vibration source i between RX1 and RX2 can be expressed
as:
Ati=Tip = Tig )

The demodulated phases of the path 1 and path 2 signals can be expressed as [27]:
©1(1) = on1 (1) + @ui(t = 711) + @2t — 72.1) (5)

©2(t) = @ua(t) + @u1(t — T12) + @ua(t = T22) (6)
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By subtracting the two signals, the resulting expression can be reformulated in a convolutional
form:

2
(1) = @1(0) = 92(1) = @u(D) + ) puilt = Ti1) * (5(2) — (2 — Ary)
i=1
5 (N
= @u(0) + D uilt = 701) (1)
i=1
where ¢,(t) = ©,1(t) — @n2(f) and hi(f) = 6(¢) — 6(t — A4t;). @,(¢) represents the residual noise
after subtracting the independent photodetection and electronic noise contributions from the two
receiving paths, §(¢) denotes the Dirac delta function and /,(¢) represents the difference between
the impulse responses of the two signal paths corresponding to vibration source 7, with RX1
taken as the reference point.
Let ¥,,(f), ¥,;(f) and H;(f) denote the Fourier transforms of signals ¢,(¢), ¢,:(t — 7;.1) and h;(z),
respectively. The Fourier transform of the Eq. (7) can be expressed as:

2
V() = Fle@)} = Palf) + > PulFHi(F) @®)
i=1

The corresponding time delays Af; can then be determined from H;(f) and the magnitude of
H;(f) typically exhibits a sine-like envelope of the form:

|Hi(f)] = |1 — e = 2 sin |nf At;] )

By taking the logarithm of the magnitude spectrum of ¥(f) and then applying the inverse
Fourier transform for 7,j € {1,2},i # j, the resulting signal of Eq. (8) can be approximated as
(see Appendix A for derivation):

Co(1) = F{log (NI} = = > And(T = mlAni]) = ) Bud(z = nlAn]) + Crase(r)  (10)

m#0 n#0

A, and B, in Eq. (10) denote the amplitude of the m-th and n-th peaks, respectively. The
impulses 6(7 — m|At|) and 6(t — n|At,|) therefore yield waveform peaks at 7 = m|Ar;| and
T = n|An|, respectively. However, in practice, the baseline term Cpy(7) arising from the
broadband envelope and residual coupling, produces a smooth background signal that tends to
obscure weaker peaks, such that only the fundamental peak remains clearly observable in the
cepstrum.

It should be noted that Eq. (10) provides only the magnitude of the relative delay (i.e. T = |Af]),
while the sign of the delay remains indeterminate due to the inherent symmetry of the forward-
transmission geometry. To resolve this ambiguity, the energy of the residual signal in the time
domain is analyzed. The detailed derivation and justification of this sign determination method
are provided in Appendix B.

For the subsequent analysis, it is assumed that the identified delay corresponds to a positive
value Az >0. Based on the estimated delay At, a time delay function 6(¢ — Az;) is constructed
and convolved with ¢ (¢) to implement the time-domain shifting operation. Subtracting ¢,(f)
from the shifted signal yields the residual signal that can be expressed as:

S(t) = 1(2) * 6(t = Aty) — ¢2(2)
= @1 (t = Aty) — @u2(t) + @i2(t — 12,1) * [0(2) — 8(t — Aty + Aty)] (11)
= @u(t) = 1 (1) * [0(2) = 6(t = Aty)] + @i2(t — 12,1) * [0(2) — 6(t — Atr + Aty)]

Although the acquired signal exhibits a long temporal duration, the majority consisted of noise
and baseline fluctuations, which could distort the cepstrum analysis. To mitigate these effects,
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only the desired portion of the signal was retained by identifying the point of maximum absolute
amplitude and applying a symmetric time window centered around it, while the remaining
segments were replaced with a constant value to ensure stability in subsequent processing. By
applying the cepstrum method to the nominal portion of Eq. (11), and following the derivation
steps detailed in Appendix A, the resulting signal can be approximated as:

Cs(r) = F~' {log IF(S(W)I}}
= 3 AT = mlAn = A ) = Y BaS(r = nlAni]) + Cpaselr) 12
m#0 n#0

The time delay |Af, — At;]| can be extracted from the peak position. Consequently, the second
time delay At, is determined by combining this value with previous estimated time delay At;(see
Appendix B for the detailed derivation). These delay estimates are substituted into the position
estimation model to calculate the vibration position. The position of i-th vibration source, x;, can

be expressed as:
1 At;
X = —(L—c—’) (13)
2 n

where L in Eq. (13) is the length of the sensing fiber, ¢ =299,792,458 m/s, is the speed of light
in vacuum, and # is the effective index of the fiber. In the discrete-time implementation with
sampling rate f;, the minimum resolvable delay is one sample At,,;,, = 1/f;. By substituting At,;,
into the position model, the nominal spatial resolution can be obtained:

_ C
© 2nf,

The overall procedure for locating two vibration sources is illustrated in the flow chart shown
in Fig. 2.
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Fig. 2. Flow chart of the proposed cepstrum-based vibration localization method.

3. Experimental setup

In the multi-point complex vibration experiment, the laser source used was an NKT Photonics
E15 narrow-linewidth laser (100 Hz linewidth), operating at a central wavelength of 1550 nm
with an output power of 20 mW. The laser output was divided by a 3 x 3 coupler into two signal
paths (S1 and S2) and one local oscillator (LO) reference path. The LO path was subsequently
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split by a 50:50 coupler into two beams of equal optical intensity, which served as reference
signals for interference.

The sensing fiber used is a standard single-mode fiber (SSMF, ITU-T G.652.D) with an effective
index of n=1.467 and length of 34km. Vibrations are induced on the fiber through either
piezoelectric transducer (PZT)s, footstep or knocking. The total fiber length (34 km) and the
positions of the vibration sources (9.74 km and 13.87 km) were determined using a commercial
OTDR. The PZT exhibits a responsivity of 452.31 rad/V for the 52.32-m fiber segment and was
driven by an arbitrary waveform generator (AWG).

The signal light in paths S1 and S2 propagated along different routes through the sensing
fiber, undergoing distinct phase modulations induced by the respective external vibrations.
The modulated signals were directed through circulators 1 and 2 and subsequently coherently
combined with the two reference beams in a 90° optical hybrid. The interference outputs
were detected by a balanced photodetector (BPD) with a 100 MHz bandwidth, converted into
electrical signals, and digitized using an oscilloscope operating with a sampling rate of 10 MHz
for subsequent signal processing.

4. Experimental results and discussion

To comprehensively assess the performance of the proposed method, three representative
categories of vibration signals were investigated: (i) periodic square waves with varying duty
cycles generated by PZTs, (ii) a footstep applied to the fiber laid directly on the ground, and (iii)
a knocking event on the fiber. Figure 3 presents the corresponding time-domain phase responses
for these cases. The square-wave excitations, shown in Figs. 3(a) and 3(b), led to distinct, periodic
phase shifts associated with the rising and falling edges of the pulses. In contrast, the random
excitation events, as illustrated in Figs. 3(c) and 3(d), yield irregular fluctuating patterns. The
footstep response is characterized by an abrupt phase decrease followed by gradual recovery,
whereas the knocking event produces oscillatory variations without strict periodicity.

(a) Square wave (15% duty cycle) (b) Square wave (10% duty cycle)
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Fig. 3. Time-domain phase response of four representative vibration signals: (a) Square
wave with 15% duty cycle; (b) Square wave with 10% duty cycle; (c) Footstep-induced
vibration; (d) Knocking-induced vibration.
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The corresponding frequency-domain spectra are presented in Fig. 4. The square waves in
Figs. 4(a) and 4(b) exhibit harmonic components at integer multiples of the excitation frequency,
with higher-order components attenuating with increasing frequency. The footstep response in
Fig. 4(c) concentrated its energy at the lower frequencies, reflecting the slow and transient nature
of the disturbance. By contrast, the knocking response in Fig. 4(d) shows oscillatory spectral
features with multiple low-frequency peaks. Despite these differences in the low-frequency
region, all four signal types exhibit a similar spectral trend in the mid-to-high-frequency range,
where the energy decays uniformly with increasing frequency.

80 b 80
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Fig. 4. Frequency-domain spectra of four vibration signals: (a) Square wave (15% duty
cycle, harmonics at 15 Hz multiples); (b) Square wave (10% duty cycle, harmonics at 10 Hz
multiples); (c) Footstep vibration with energy gradually decaying beyond a few hundred
hertz; (d) Knocking vibration with a dominant peak around 3.5, 7 and 8 kHz. All signals
show uniformly decaying spectral energy in the mid-to-high-frequency range, consistent
with broadband characteristics.

In the multi-point vibration experiment, a piezoelectric transducer (PZT) was placed at
the 13.87 km position of the sensing fiber. A periodic pulse excitation with an amplitude of
2V, frequency of 15 Hz, and a duty cycle of 15% was applied through the AWG to facilitate
controllable vibrations. Meanwhile, at the 9.74 km position, the fiber was laid directly on the
ground, and pedestrian walking was simulated by stepping on the fiber. The experimental results
are shown in Figs. 5 and 6. Figure 5 illustrates the localization of the first vibration source
using the proposed cepstrum-based method. In Fig. 5(a), the two demodulated phase signals
are shown, where both vibrations occur simultaneously within the same time window. The
differential phase signal, ¢(f) = ¢(f) — @2(2), is plotted in Fig. 5(b), with its corresponding
spectrum displayed in Fig. 5(c). In the spectrum, the low-frequency region is dominated by the
square-wave excitation, while the periodic spacing Af; = Ti arises from the envelope modulation
imposed by the time delay. The cepstrum of ¢(¢) is given in Fig. 5(d), where the true minimum is
identified using a detection threshold derived from the baseline noise floor combined with the
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standard deviation of the lower-envelope fluctuations, revealing a relative time-delay difference of
30.5 ps corresponding to one of the vibration sources, while the second source will be resolved

at the next stage.
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Fig. 5. Location of the first vibration source using the proposed cepstrum-based method: (a)
Demodulated phase signals ¢ (¢) and ¢,(¢); (b) Differential phase signal ¢(t); (c) Spectrum
of the differential signal from (b); (d) Cepstrum result of ¢(7), showing the first time delay
difference of 30.5 ps.

The localization of the second vibration source using the cepstrum-based method is illustrated
in Fig. 6. To extract the second vibration, ¢;(¢) was shifted by 30.5 ps in the time domain and
then subtract ¢, (f) as shown in Fig. 6(a). To focus the analysis on the weaker event rather than on
baseline fluctuations, the residual signal in Fig. 6(a) is first examined to identify the peak of the
localized disturbance. A symmetric 0.02-s truncation window (+0.01 s around the peak) is then
applied to crop the neighborhood of this event, and the remaining portions of the waveform are
replaced with a constant value to stabilize the subsequent spectrum and cepstrum calculations.
An additional subfigure displays this cropped/truncated segment, highlighting that the dominant
vibration is largely suppressed after time-domain alignment, while the weaker vibration becomes
clearly visible. The 0.02-s duration is chosen because it covers the temporal region where the
weaker vibration carries most of its energy, ensuring that the truncated signal preserves the signal
of the second event while excluding unrelated baseline variations. The use of a time window
in this stage is not intrinsic to the proposed algorithm, but is required only because the second
vibration is a short-duration event: after cancellation of the dominant source, the residual signal
S(r) exhibits a localized peak associated with the weaker event; a symmetric window centered on
this peak (e.g., +0.01 s in the experiments) is used to capture most of its energy while excluding
noise-only regions. For the first cepstrum stage, no additional windowing is necessary in our
experiments because the square-wave excitation persists throughout the entire 2-s recording, and
both vibration events span the full measurement duration. Thus, the whole record naturally serves
as the analysis window and already contains the complete fringe contributions from both delays.
This simple energy-based, non-iterative rule adapts the window length to the actual duration of
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Fig. 6. Location of the second vibration source using proposed cepstrum-based method: (a)
Residual phase signal S(¢) is obtained by first shifting ¢ (¢) by 30.5 us then subtracting ¢;(#),
an inset shows the cropped/truncated 0.02-s segment used for the second-stage cepstrum
analysis; (b) Spectrum of the residual signal from (a); (c) Cepstrum result of the residual
signal in (a), revealing an additional relative time delay difference of 39.9 us; (d) Positioning
accuracy for the vibration sources.

the vibration and enhances the signal-to-noise ratio (SNR) of the weaker event. In the spectrum
of the truncated S(7), the delay-subtraction operation suppresses the square-wave-induced fringes
from the first vibration source, while the weaker footstep vibration produces a clear envelope
modulation whose fringe spacing becomes more pronounced, as shown in the inset of Fig. 6(b).
The delay corresponding to the second vibration is identified using a threshold determined from
the baseline noise floor together with the standard deviation of the lower-envelope fluctuations,
ensuring that the true delay can be reliably distinguished. The corresponding cepstrum in Fig. 6(c)
reveals an additional relative time delay difference of 39.9 us. Combining this value with the
previously identified delay yields an absolute time delay of 70.4 us for the second vibration
source. Substituting these delays into Eq. (13), provides vibration positions of 13,881.39 m and
9,801.64 m. After 100 successive experiments, the estimated mean positions were 13,882.51 m
and 9,763.70 m, with standard deviations (positioning accuracy) of 15.02 m and 31.88 m, and
maximum position errors of 112.47 m and 132.92 m, respectively, as summarized in Fig. 6(d).
The findings validate the capability of the proposed method to reliably distinguish and localize
simultaneous multi-point vibrations along the sensing fiber.

Building on the results of Figs. 5 and 6, where two simultaneous events were successfully
localized, additional experiments were conducted to evaluate the positioning accuracy of the
proposed method under all four different vibration types. Two groups of two-point vibration
experiments were performed, with the actual vibration positions fixed at 13.87 km and 9.74 km
along the sensing fiber. The corresponding localization results are summarized in Fig. 7.

In the first case, two square-wave excitations with duty cycles of 15% and 10% were
simultaneously applied. The estimated mean positions were 13,895.40 m and 9,744.07 m, with
corresponding standard deviations of 12.72 m and 22.92 m, and maximum errors of 71.57 m
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Fig. 7. Positioning accuracy of the proposed method for different vibration signals at 13.87
km and 9.74 km: (a) Two square-wave excitations with different duty cycles (15% and 10%);
and (b) Footstep and knocking vibrations.
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Fig. 8. Cepstrum results for two comparable-strength vibration sources: (a-b) Large spacing
(500 m): two peaks remain clearly resolvable in both the first and second cepstrum; (c—d)
Moderate spacing (100 m): two peaks are still resolvable, but in the second cepstrum, the
weaker peak lies closer to zero delay and partially overlaps with the intrinsic baseline, which
reduces its visibility; and (e—f) Small spacing (50 m): in the first cepstrum, the two delay
peaks merge into one broadened peak, while in the second cepstrum, the shifted peak moves
very close to zero delay and is almost completely buried by the baseline.
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and 163.60 m. In the second case, a footstep vibration and a knocking vibration were imposed
simultaneously. The estimated mean positions were 13,899.28 m and 9,692.84 m, with standard
deviations of 24.64 m and 58.98 m, and maximum errors of 122.70 m and 235.17 m, respectively.
These results demonstrate that the proposed method can viably locate two simultaneous vibrations
along the sensing fiber. Although larger deviations were observed for irregular impulsive signals
such as knocking, the method consistently provided reliable localization across different vibration
types.

To further evaluate the practical separability of dual vibration events with comparable strength,
additional experiments were conducted using two square-wave excitations (15 Hz, 15% duty and
10Hz, 10% duty). Since the cepstrum peak reflects the differential propagation delay, only the
relative spacing between the two vibration points is considered in this experiment. The spacing
was varied from 500 m to 50 m, and the corresponding first and second cepstrum results are
shown in Fig. 8.

When the spacing was 500 m, two distinct delay peaks were clearly observed in both the first
and second cepstrum results, confirming that the proposed method can reliably separate two
comparable-strength vibration events when the delay difference is sufficiently large. When the
spacing was reduced to 100 m, the two peaks remained resolvable. However, in the second
cepstrum the weaker peak was shifted closer to zero delay, where partial overlap with the
baseline occurs, leading to reduced peak visibility compared with the first cepstrum. For the
50m case, the two delay peaks almost completely overlapped in the first cepstrum, forming a
single broadened peak. In the second cepstrum, the shifted peak moved even closer to zero
delay and became nearly buried in the baseline, making the two events indistinguishable. In
this case, the effective delay becomes too small for the available vibration bandwidth to support
the required spectral modulation, making the two events indistinguishable. These observations
indicate that the practical separability of two comparable-strength vibration sources is on the
order of 50-100 m, owing to intrinsic cepstrum peak overlap near zero delay and the insufficient
vibration bandwidth to sustain the required spectral modulation when the residual delay becomes
extremely small. It should be stressed that even when two peaks are visible in the first cepstrum
for comparable-strength events, this step only provides the absolute delays of the two vibrations.
With the second cepstrum, the sign relationship between these delays can be identified, enabling
the two vibration positions to be uniquely determined.

Although the proposed forward-transmission distributed vibration sensing method demonstrates
the feasibility of localizing simultaneous two-point vibrations of different characteristics, several
limitations remain. As shown in Fig. 8, the ability to resolve two comparable-strength vibration
sources is primarily constrained by the intrinsic overlap of their cepstrum peaks and by the
baseline behavior near zero delay. As a result, the practical separability between two simultaneous
vibration events is on the order of 50-100 m, whereas the theoretical delay resolution of 10.22 m
applies to a single vibration event. Aside from the separability limitation, the method is further
affected by several intrinsic factors. First, the cepstrum-based approach assumes that the vibration
signals are broadband and spectrally uniform. In practice, the slowly varying components of
vibration signals often deviate from this assumption, giving rise to residual peaks that can obscure
the true delay features. Consequently, the estimated delay differences might not always be distinct,
and the corresponding cepstral peaks may lack sufficient prominence. Second, the method relies
on dual demodulation channels, which inherently limits its capacity to resolve more than two
simultaneous vibrations. When three or more vibration sources coexist, the linear combination of
two demodulated signals can, at best, cancel a single component, leaving the remaining signals
entangled. Under these conditions, the time-domain shifting strategy cannot fully isolate all
differential signals, and weaker cepstral peaks may be severely masked. Overcoming these
limitations may require the adoption of advanced multi-channel demodulation, blind source
separation method, or machine learning-based approaches.
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5. Conclusion

In this work, we proposed and experimentally validated a new positioning method for forward-
transmission DVS of complex vibration signals (broadband and overlapping). The core algorithm
integrates time-domain shifting with cepstrum analysis, which enables separation and accurate
on-fiber positioning of two overlapping broadband vibration signal events along a 34 km long
sensing fiber. The experimental results demonstrated a nominal spatial resolution of 10.22 m
with a 10 MHz sampling rate, along with positioning accuracies (standard deviations) ranging
from 12.72 m to 58.98 m under diverse vibration scenarios, including square-wave excitations,
footsteps and knocking events. For comparable-strength events, the practical separability between
two vibration points is approximately 50—100 m.

These findings confirm the reliability of the proposed method for two-point vibration positioning.
Beyond validating its feasibility, this study advances cepstrum-based delay estimation from
traditional single-source and identical-signal cases to complex scenarios involving overlapping
broadband vibrations. By extending the applicability of forward-transmission DVS to more
realistic multi-signal environments, the method addresses a critical gap in current positioning
techniques. Although the present framework does not yet generalize to situations involving more
than two simultaneous vibration sources, it provides a strong basis for methodological refinements,
such as multi-channel demodulation, blind source separation, and machine learning-assisted
signal processing. This demonstrates a clear pathway toward scalable sensing strategies that can
enhance the long-term reliability of critical infrastructure.

Appendix A: Derivation of the time delay estimation

This appendix provides the detailed derivation of the delay estimation formula (Egs. (8)—(10))
based on the cepstrum of ¢(z). Starting from Eq. (8).
For i # j, ¥(f) can be expressed as:

P (f) + ¥y (NH;(f)

V() = Yui(HIH(f) + r(H]. r(f) = Blf) 15)
Let fy = k/At; denote the k-th zero of H;(f). We introduce the notation:
0 =f—fr,a =2nAt (16)
In the neighborhood § <« 1/a, we have:
Hi(f) = 1 — ¢ 2 VetOni - | _ p=27600 o o s (17)

Since the spectrum ¥,;(f), ¥,;(f) and ¥,(f) are broadband and exhibit slow spectral decay,
when f € fi; = 8, r(f) can be approximated as a constant value:

_ an(f) + ‘Pvl(f)l'lj (f)
\Pvi Oc)

Where a; = R{r(f;)} and by = I{r(f;)} are slowly varying parameters, therefore:

r(f) ~ r(fi) = ax + iby (18)

[Hi(f) + r(f))? = liad + ax + iby|* = ai® + (@6 + by)?

(19)
= 0’262 + 2abio + ak2 + bk2

Differentiating Eq. (19) with respect to § yields:

d d?
£|H,-(f) +r(f)|? = 2a%6 + 2aby, @m,-(f) +r(f))? = 2a%>0 (20)
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Hence the stationary point is uniquely determined as:

Ok =—— @

By applying a logarithmic transformation converts the magnitude spectrum of ¥(f). Around
each f; + J;, the resulting signal can then be approximated as:

log [¥(f)[ = log [Hi(f) + r(f)] + log [¥0i(f)

1 * *
= 5 log(@®(f = (fi + 6¢))” + ai®) + log [Wui(f = (fic + 04"))]

(22)
1 ko b\ fax)2 .
x Elog ((f (A_t, - Ek)) + (;k) ) + log a + log |W,;(fi + 617)|
We use the following standard transform pair:
-1 2 2 1 —2malt| 2
F {log((f —fo) +a’)} = ——e cos(2nfyt) + loga“s(r) (23)

|7l

By applying Eq. (23) to the inverse Fourier transform converts Eq. (22) around each index &,
the resulting signal can be approximated as:

2
Si(t) ~ F-! {llog ((f— (i - ]%)) + ai) + log a + log |W,;(fi + Ok )|}
2 At; a a?

1 24)

ko b

= — o m eos [2mr (= = ) + (log ag + log [Woi(fi + 6:7))6(7)
2|T| A«

= sk(7) + ci(7)

where s(7) denotes the oscillatory factor and ¢ collects the constans.
Summing over all k € Z converts Eq. (24), let Cx(7) collect the constant contributions.

Ci(r) = ;Sk(‘l') = 2| | Ze A’Ll ! cos (271'7' (Ait, - %)) + Cr(1)

1 kz| _2 b’\ lZﬂTi
=——%R e % T A b+ Cr(7)
2|7| {Zk:

Using the Poisson summation formula and the sifting property of the Dirac delta [28]:

(25)

+00 +00

Z 277 - = Ar, Z (T — mAL) (26)

k=—c0 m=—o00

f(0)6(t — mAL) = f(mAt)6(T — mAt;)

The resulting signal of Eq. (25) can be expressed as:

Ci(r) = —m‘R {Ati Z (Z el’"“"e"lmlb") o(t - mAt,-)} + Ci(7)

m=—oc0 \ k

= Z {Z _|m|ake_i|mhk} S(t — mAL) + Ci(1) @0
2|m|

- ZAmé(T — m|Ag]) + Ci(7)

m#0
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where

1 )
Am =——R e_|m‘ake_l|m|]7k (28)
S

denotes the amplitude of the impulse located at T = m|At].

Based on the above derivation, the impulses at 7 = m|At;| are generated by the periodic
modulation in the magnitude spectrum with a frequency period 1/|At;]. To ensure that this
periodic structure can be properly resolved in practice, the vibration signal must provide sufficient
effective bandwidth. Specifically, the bandwidth B; should satisfy:

1

B; 2
"7 4]

(29)

By following the same derivation steps as in Eqs. (15)—(29), for j # i, the derivation for the j is
identical to that for the i. The resulting signal of Eq. (8) can be approximated as:

Ctp(T) =Ci(r) + C](T) + Cyion(7)
x = > Ans(r = mlAt) = )" Bad(r = nlAg]) + Cn (1) + Cil7)

m#0 n#0 (30)
== > And(T = mlAG]) = " Bud(r = nlAL1) + Chage(T)
m#0 n#0

where Cpyse(T) denotes the baseline component of the cepstrum. It includes the terms associated
with the vibration source spectrum Cgy,,,,(7) and constant factors C (7). The impulses 6(t — m|At;|)
and 8(t — n|At;]) thus yield peaks at T = m|At;| and T = n|Az].

Appendix B: Derivation of the sign of the delay time

From the first cepstrum step we only know the absolute value of the true delay |T7|>0. We define
the following two candidate residual signals:

Al SVAl([) = Spl(t - |T1|) - 902(0

€2y}
B1 :rp1(t) = ot = |Th]) — ¢1(2)
For each case we compute the residual energy:
Eqr = / |rar(0)*dt, Ep = / |rg1 (1)) dt (32)

The vibration source can be aligned and cancel out only when the sign of delay T} is correct.
In this situation the residual energy is minimized. Therefore, by identifying the smallest residual
energy between E4; and Ep{, we determine the correct sign of the delay time. The true delay T}
can be expressed as:

Ty = sgn(Ty) - |Th| = sgn(Ep1 — Ear) - | Th] (33)

Then we assume that the true delay of the other vibration source is 7,. From the second
cepstrum step we know the absolute value of the difference of the two delays T = |T, — T1|>0.
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Therefore, there are two candidates for delay T5:

T2+ =T +T
- (34)
,"=T,-T
For each candidate we construct the residual signals in the same manner as Eq. (34):
A2 (1) = @1t = T2") = ¢a(1)
B2 :rpo(t) = @o(t = T") — g1 (¢
B2(1) = 2t = To7) — 1 (1) (35)

C2:reo(t) = @1(t = T27) — ¢a(t)
D2 :rpa(t) = @a(t = T27) — @1 (1)

The corresponding residual energies can be expressed as:

Ep = / o ()P, Egy = / ()P, Ecy = / Irea(0)2dt, Epy = / Irpa(D2de (36)

Only when the four candidate equals the true delay 75, the vibration source about this delay can
be aligned and cancel out, and the corresponding residual energy becomes minimal. Therefore,
by comparing the minimum energies, we uniquely determine the true delay 7.

T, =T, + sgn(min{Ecs, Epp} — min{Ex2, Epp}) - T 37
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