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Abstract: In a rapidly urbanizing world with a heavy investment in mega infrastructures,
ultra-long-distance sensing enables critical structural health monitoring and natural disaster
early warning. Forward-transmission distributed fiber-optic sensing offers unique advantages
including hundred-kilometer-scale sensing distances and mega-hertz detection bandwidth. To
meet the practical application requirements of single-ended probing and electrically passive fiber
termination, we propose a single-ended, forward-transmission distributed fiber-optic vibration
sensing (FTDVS) system based on single-sideband chirped frequency-swept modulation using an
I/Q modulator. At the termination end, two segments of delay fibers facilitate frequency-domain
separation to distinguish specific forward-propagating optical paths from unwanted paths, while
digital filters eliminate Rayleigh backscattering (RBS) and extract the sensing signals. This system
employs standard telecom single-mode fiber for sensing and avoids the need for wavelength-
division multiplexers (WDM) and multi-wavelength laser sources, thus reducing complexity
and cost. The experimental results demonstrate robust performance under extreme conditions
involving RBS being 72 dB stronger than forward-propagating light, achieving 85 m in positioning
accuracy over a single-span sensing distance of 120 km without inline amplification. This work
paves the way for long-distance distributed mapping and ground-truthing of infrastructure and
the environment, which forms the backbone of smart cities.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Distributed optical fiber sensing (DOFS) is a powerful technology that transforms an optical fiber
into the equivalent of a continuous array of thousands or tens of thousands of sensors. A forward
transmission distributed vibration sensing (FTDVS) system utilizes the transmitted light of a
continuous-wave light source, rather than relying on weak Rayleigh backscattering (RBS) for
probing the optical fiber for perturbations [1]. This class of methods offer a unique combination
of advantages compared with conventional reflectometry methods, such as ultra-long sensing
distances, high sensitivity, wide frequency response range [2], and ease of integration with
existing communication systems [3—6]. These sensing systems can be widely applied in areas
such as earthquake early warning [7-9], traffic-pavement monitoring [10], and high-speed railway
track structural health assessment [11]. Unlike traditional distributed acoustic sensing (DAS)
systems that utilize phase-sensitive optical time-domain reflectometry (©-OTDR), which rely on
the time-of-flight (ToF) method for event positioning [12], FTDVS determine positions based on
the difference in time-of-arrival between polarization or phase signals of the two detection ends
[13,14]. However, double-ended systems introduce significant practical engineering challenges,
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and are not suitable for boreholes or access-limited environments. More importantly, synchronized
data processing [15] at the two detection ends is cumbersome and impractical, thus most designs
co-locate the hardware into a single unit and utilize a fiber loop configuration. As a result,
single-ended systems offer superior deployment versatility and broadens the application scope.

A single-ended system is defined as a system with co-located laser and demodulation sub-
systems, avoiding large-scale loop deployment of the sensing fiber. This configuration prevents
crosstalk scenarios where a single perturbation simultaneously affects multiple positions along
the fiber, which is a limitation typically seen in loop-based architectures. The fundamental setup
resembles an in-line Sagnac interferometer (SI). For example, X. Fang purposed a two-loop
Sagnac interferometer, it involves placing a Faraday rotator mirror (FRM) at the far end of the
sensing fiber to reflect the probe light back while maintaining a consistent polarization state
before and after reflection [16]. Alternatively, J. Ali, et al used two parallel sensing fibers as
the sensor element, connected at their far ends [17]. In this case, the sensing light returning
to the receiver experiences the same perturbation twice. The position of the vibration can
be deduced by extracting the null-frequency points [18] or by using the cepstrum analysis to
determine the phase delay difference between two identical perturbations [19]. However, both
calculation methods are severely limited by the required perturbation bandwidth. Huang, et al.
used a wavelength division multiplexer (WDM) to separate light traversing different paths for
independent phase demodulation [20]. The phase delay difference can then be obtained using
simple cross-correlation, which overcomes the bandwidth limitations of the notch point and
cepstrum methods, offering more accurate delay estimation. However, phase change induced
by perturbations varies depending on wavelength, leading to weaker correlation between the
phase signals and reduced positioning accuracy [21]. W. Kong, et al have proposed using
an ultra-narrow linewidth laser as the light source. At the termination end, an acousto-optic
modulator (AOM) shifts the optical frequency of one path. This results in the different beat
frequencies of the interference signals at the demodulation end. Performing phase reconstruction
and cross-correlation on each signal yield the phase delay [22]. However, this method requires
providing an electrical drive signal to the AOM at the termination end, which is high risk for
combustive or remote environments. Additionally, this approach necessitates dual-core fiber for
bidirectional transmission, further increasing deployment costs.

To realize passive termination of a single-ended sensing system while suppressing RBS
crosstalk, this work proposes a chirped frequency-swept forward-transmission distributed sensing
system (CFS-FTDVS). The system employs an I/Q modulator (IQM) to implement suppressed-
carrier single-sideband modulation (SC-SSB) of a narrow-linewidth, linearly polarized laser,
generating linearly swept-frequency probe light. At the terminal fiber end, an optical circulator
serves as the input/output interface, preventing remote RBS contribution. Two distinct-length
delay fibers separate forward-propagating light from other optical paths in the frequency domain,
while a digital filter extracts the probe signal. Using standard telecom single-mode fiber (SMF)
as the sensing medium, the all-passive termination design significantly extends applicability,
particularly for ultra-long-distance distributed sensing in remote or inaccessible areas. This work
lays the groundwork for unprecedented long-distance distributed mapping and ground-truthing
of infrastructure and the environment, which is essential for developing smart cities and effective
early-warning systems.

2. Theory

2.1. System design

The system configuration and schematic of the CFS-FTDVS are shown in Fig. 1(a). A narrow-
linewidth (100 Hz linewidth), single-frequency, linearly polarized laser (Thorlabs, ULN15TK)
emits continuous-wave light at 1550 nm into an IQM, which is driven by two chirped frequency-
swept (CFS) signals: RF; = K sin(2nf,,t + nyt?), RFg = K cos(2nf,,t + wyt?) generated by an
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arbitrary waveform generator (AWG). Where f,,, is the initial frequency and v is the sweep rate.
The signals are swept from 250 MHz to 750 MHz with a sweep period of 10 ms and a repetition
frequency of 100 Hz, thus achieving a sweep rate y of 50 GHz/s. The IQM is composed of two
Mach-Zehnder modulator (MZM) and a 90° phase shifter, as shown in Fig. 1(b). When the
RF signal is fed to the two MZMs, an automatic bias controller generates and maintains a bias
voltage at the quadrature point through PID control and applies them to each modulator. These
quadrature-point bias voltages ensure that both MZM inside the I/Q modulator operate in push-pull
mode (i.e., modulation signals in the two arms of each MZM maintain a 180° phase difference).
Therefore, the single-frequency continuous-wave light input to the IQM is phase-modulated
byK sinQ2afy,t + nyt?), —K sin(2af,,t + wyt?), K cos(2nf,,t + myt?) and —K cos2afy,t + nyt®),
respectively. Where is K modulation depth. To summarize, the optical field E,,, output from the
I/Q modulator can be expressed as:

Eou(t) = exp(2rfyt){exp(iK cos Q(t)) + exp(—iK cos Q(t)) exp(ir)

+[exp(iK sin (1)) + exp(—iK sin Q(t)) X exp(in)] exp(in/2)} M

where Q(f) = 27f,,t + myt>. Performing a first-order Bayesian expansion on the expression above
and regrouping the terms yield:
Eout(t) = J+1(K) eXP(”)’tz + 2rfot + 27Tfmt)

2 )
+ J_3(K) exp(=3myt” + 2nfot — 67fint).
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Fig. 1. CFS-FTDVS working principles: (a) System setup. Tx/Rx: transmitter/receiver,
LD: laser diode, OC: optical coupler, IQM: in-phase/quadrature modulator, AWG: arbitrary
waveform generator, EDFA: erbium-doped fiber amplifier, Cir: optical circulator, TDF:
time-delay fiber, BPD: balanced photodetector, OSC: oscilloscope, PC: Personal computer,
RF: radio frequency signal; (b) Structure of the I/Q modulator. MZM: Mach-Zehnder
modulator, PM: phase modulator; (c) Optical frequency variation between Igps, I1 and I,.

Consequently, the +1-order sideband and -3-order sideband are retained while the carrier and
other sidebands are suppressed. When the K = 1.8, the -3-order sideband experiences significant
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suppression [23]. Thus, the optical frequency of the input light undergoes a SC-SSB sweep due
to the CFS-RF modulation signal. The resulting CFS light exhibits sweep linearity essentially
identical to that of the RF signal, thereby achieving excellent sweep linearity.

The CFS light is split into sensing light E and reference light E, via OC1. The sensing light is
then directed through Cirl before being injected into the sensing fiber. After entering the sensing
fiber, the optical signal is divided into two distinct propagation paths:

Path 1: Cirl »Sensing fiber—Cir2—TDF1—Cir2—Sensing fiber—Cirl -OC4.

Path 2: Cirl —»Sensing fiber—Cir2—TDF2—Cir2—Sensing fiber—Cirl -OC4.

Due to the inherent unidirectional isolation of the optical circulator, RBS from the termination
end cannot pass through the circulator back into the sensing fiber. The RBS propagation paths
with weaker amplitudes are disregarded (see the Appendix for the full multi-path analysis); the
dominant RBS path impacting the forward light is:

Pathgps: Cirl »Sensing fiber—Cirl -OC4.

Consequently, the sensing light returned to the Rx through the Cirl comprises the sum of
optical fields from three distinct propagation paths: Ey, E> and Egps.

2.2. Rayleigh backscatter filtering

The optical field of the +1-order single-sideband probe light E,,, output from Cirl can be
expressed as:
Eou(1) = E/(t) = Eg expli(myr® + 2nfot + 2nfyu1)] 3)

where Ej is the initial amplitude of optical field. After propagating through the three distinct
paths, the optical fields returning to the Rx can be expressed respectively as:

E(t) = Egps(t) + E1(t) + Ex(2) 4

Erps(t) = Eo Z Rops(1) explily(t = )* + 270(fo + fu)(t — T1) + ¢ras]) (5)
7=0

Ei(f) = EoRy exp(ilny(t — 1. — 71)* + 2(fo + f)(t — 7. — T1) + ¢1]) 6)

Ex(1) = EoRy exp(ilny(t — 11 — 12)* + 27(fo + fou)(t = 71 — T2) + ¢2]) (7

where ¢1, ¢» and ¢rps are the phase shifts caused by an external disturbance which comprises a
phase shift followed by the delayed second-pass phase shift, respectively. 7, = 2nL/c, 1) = nL/c
and 7p = nL,/c are the transit times in sensing fiber, TDF1 and TDF2, respectively. L, L and L,
are the lengths of sensing fiber, TDF1 and TDF2, respectively. c is the speed of light in vacuum, n
is the effective index of the fiber, 7; is the time-delay unit of the sensing light in the fiber. R,s(7;)
is the propagation coefficient of RBS at 7;. R and R, are propagation coefficient of E| and E».
They can be expressed as:

Ron() = s exp (2057 ®)
n
Ry = +exp[—a(2L + L,)] ©)]

Ry = vexp[-a(RL + L,)] (10)

where a; is the Rayleigh backscattering coefficient, « is the attenuation coefficient in SMF. The
three aforementioned optical fields interfere with the E, at the OC4, the resulting interference
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intensity /; can be expressed as:

Is=IR8S+Il+12 (11)
Irps(1) = |Egps(t) + E(1)|?
IL 12
= Eo* Z {1+ R2,5(71) + 2R (1) OS[27(foy + f)T1 + 2frist — yTi° + brps]) (12
T]=0

L(1) = |Ei(1) + Ex1))? (13)

= E2 {1 + R?| + 2R cos[2n(fy + fu)(11 + 1) + 27fit — (71 + 70)* + ¢1]}
L(t) = |Ex(t) + E(1)|? "

= E2 {1 + R + 2Ry cos[27(fy + fu)(12 + 1) + 27fot — ¥(12 + 72)* + ¢o]}

where Igps, I and I, are the interference intensities generated by the E|, E,> and Egpg interfering
with E,, respectively. Here we designate Iryw = I| + I, as the forward light intensity, and Izps
as the RBS noise that requires filtering out. f,;,; = y7; is the beat frequency of RBS interfering
with E, f] = (1, + 71) Xy, while f» = (17 + 72) X vy is the beat frequency from E|, E; interfering
with E,. Figure 1(c) shows the optical frequency variation between Igps, I1 and I,. It can
be seen from Eq. (12—14) that these three signals are spectrally separated, thereby enabling
their individual isolation and extraction from the frequency spectrum. Figure 2(a) presents the
frequency-domain, time-frequency domain and the time-domain representations of /; when a
sinusoidal perturbation is applied at a point along the 20 km sensing fiber. I; then received by a
BPD (200 MHz bandwidth), converted into an electrical signal, and fed into an oscilloscope with
a sampling rate of 250 MHz. TDF1 and TDF2 must be sufficiently long to ensure that the central
frequencies of /; and I, do not overlap in the frequency domain when vibration occurs on the
sensing fiber. In the experiment, the lengths of TDF1 and TDF2 were are 9.760 km and 20.122 km,
respectively. At this point, according to Af = (7, — 71) X n X y/c, the separation between [
and f» is 2.53 MHz. This spacing accommodates most vibration-induced frequency broadening.
Due to the superposition of multiple spectral components, I; appears random/noisy in the time
domain. Calculating its power spectral density (PSD) reveals that its spectral components can be
broadly divided into three parts: Igps, I, and I5. In the time-frequency representation, these three
components are also visibly separate from each other, and sinusoidal oscillations are observable
at frequencies fi and f>. I is then filtered through two bandpass filters, corresponding to the
different TDFs, yielding signals /7 and 1. Analysis of their frequency-domain and time-frequency
domain results shown in Fig. 2(b) and (c) demonstrates that both approaches lead to a high
signal-to-noise ratio (SNR).

2.3. Demodulation and positioning methods

The flowchart of the phase demodulation and positioning methods is shown in Fig. 3. When
individually extracted signals I; and I, are obtained, the Hilbert transform can be utilized to
construct analytic functions and thereby obtain their quadrature components. Taking /; as an
example:

Hil[I;(¢)] = sin (27T(fo + )T+ 7)) + fit + %V(Tl +7)° + ¢ (15)

By then performing I/Q demodulation [24] and filtering out the DC component, the vibration-
induced phase signal can be obtained:
5(7)
t) = arctan | ———— | — 2xfit 16
¢1(1) = arc an(Hil[Il(t)]) 7ifi (16)
When propagating through the sensing fiber, both E| and E, undergo phase changes induced by
the same perturbation source twice. The phase changes in the optical fields induced by external
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Fig. 2. Analysis of example vibration signal: (a) Time-domain, frequency-domain and time-
frequency domain representations of I received by the BPD when a sinusoidal perturbation
is applied at 20 km along the sensing fiber; (b) Multi-domain representations of /| after
passing through Bandpass1; (c) Multi-domain representations of /I after passing through
Bandpass2. FFT: Fast Fourier transform. STFT: short-time Fast Fourier transform.
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Fig. 3. Flowchart of the phase demodulation and positioning methods. T-shift: Time shift,
Xcorr: cross-correlation.

perturbations along the two paths can be expressed as:
$1(t) = (1) + o(t — 11) a7

$2(1) = (1) + (1 — 1) (18)
where #; and t, are the transit times in path: PZT->Cir2->TDF1->Cir2->PZT and PZT->Cir2-
>TDF2->Cir2->PZT, respectively. ¢(¢) is the phase change induced by PZT. Two differential
signals, D1 (t) and D»(t), are constructed by:

Di(t) = ¢1(t) — ¢2(1) (19)
Dy (1) = ¢o(t + At) — ¢1(1) (20)
At=t)—1 2D

Expand Eq. (19) and substitute in Eq. (20) to obtain:

Di(t) = ¢1(t) = ¢a(t) = p(t — 1) — @(t — 12) (22)
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Do(t—t) = go(t —t1) — p1(t — 12)
=pt-t)+elt—-t1—t)—et—h)—et—-t —1) (23)
=p(t—1)—¢(t—1)

It is evident that D(t) = Dy(t — t;). Performing cross-correlation between D1 (¢) and D;(¢)
yields the time delay #,. The vibration position along the sensing fiber can be calculated by:

QR -nh+mn)c

Z
2n

(24)

3. Experiment results
3.1. Spectral noise analysis

In the single-core, single-mode, bidirectional propagation scheme, the Rx inevitably receives
RBS noise. To investigate the impact of RBS on the forward-propagating signal, the performance
of using sensing fibers of varying lengths were compared, through acquiring interference intensity
signals and computed their PSD. From 70 km onwards, an erbium-doped fiber amplifier (EDFA)
was employed before Cirl to compensate for the insertion loss of the IQM, such that the sensing
fiber is still single span. Since the ratio of forward light intensity to RBS intensity can be
approximated by a constant along the sensing fiber, using an EDFA to increase the light intensity
does not alter the ratio between the RBS and forward light intensities. On the other hand,
extracting the intermediate frequency (IF) signal via a digital bandpass filter can also effectively
suppress the ASE (amplified spontaneous emission) noise from the EDFA, thereby avoiding the
need for an additional optical bandpass filter. Due to the unidirectional isolation characteristic of
Cir2 at the termination end, the RBS generated within the far-end segment cannot re-enter the
sensing fiber. Consequently, a spectral separation is realized in the interference intensity spectrum
between Ipw and Igps. By calculating the power ratio between Iry and Igps within specific
frequency bands, the signal-to-noise ratio (SNR,) of Igy relative to Igps can be determined,
and expressed by the following equation:

Prwy

SNRps = 10log(=2) (25)
Prps
+00
Pry = / PSD]X(f)df (26)
Ty
wy
Prps = / PSD; (f)df 27
0

where Prw and Pgps are the frequency band power of Irw and Igps, respectively. The calculated
PSD results for /; under different sensing distances are plotted in Fig. 4(a-e).

Figure 4(f) reveals that as the sensing distance increases, the bandwidth of Izgs gradually
grows from 9.84 MHz (20 km) to 58.94 MHz (120 km), resulting in a proportional increase in its
occupancy across the entire frequency domain. In the RBS region of Fig. 4(c-e), reflection peaks
resulting from flange connections are visible, which occur at the junctions between multiple
fiber sections as well as at the distal end of the sensing fiber. Within the 20-70 km sensing
range, reflection peaks originating from fiber connector interfaces are distinctly visible at the
high-frequency end of the Iggs spectrum, enabling straightforward identification of frequency
bands containing this phenomenon. Although reflection peaks become less discernible beyond
100km, the maximum beat frequency can still be calculated using f,s = y7;, 77 € [0, 7] to
determine the relevant spectral boundaries. Due to optical fiber propagation loss, the optical
power of Iy progressively decreases, resulting in a corresponding reduction in SNR,ps. At
70 km, Pgps exceeds that of Pry by over 32.47 dB. When the sensing fiber length extends to
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120 km, Py attenuates to -93.61 dBV?2, with the SNR,4s reaching -72.07 dB. By tailoring the
bandpass filters to selectively extract signals /1 and I, while filtering out Igps, the SNR,;; can be

significantly enhanced, thus improving the SNR of ¢(¢) and ¢ (t).
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Fig. 4. Power Spectral Density (PSD) of I; under different sensing distances: (a) 20 km;
(b) 50km; (c) 70 km; (d) 100 km; (e) 120km; (f) Prw, Prps and SNR,p, as a function of
sensing distance. Starting from 70 km, EDFA amplification is added prior to the sensing
fiber to compensate for the optical loss of the IQM.

To investigate the system noise and its frequency response, the phase noise of the system is
analyzed by calculating its PSD. First, a segment of I; without external disturbance is acquired.
Direct Hilbert transform demodulation is performed, and the PSD of the demodulated phase is
calculated, then the in-band phase noise Noise_I; is evaluated by summing all phase components
within the detection bandwidth (0-125 MHz). For comparison with optimal-bandwidth conditions,
bandpass filters are used to extract the signals /; and I, separately. Each signal is demodulated via
Hilbert transform, and the PSD of their respective demodulated phases ¢; and ¢, are calculated,
and their individual in-band phase noise Noise_I and Noise_I, are evaluated. The PSD results
for phase noise of I;, I and I; are shown in Fig. 5(a). It can be observed that the PSD of the phase
noise for /; is significantly higher than that of /; and I,. The corresponding in-band phase noise
values are: 1371.78 rad, 81.03 rad, and 17.46 rad respectively. Due to the longer path length of
TDF2 compared to that of TDF1, the phase noise of I, is greater than that of /1. When a PZT with
the voltage-strain coefficient of 0.092 pe/V was placed at the end of the sensing fiber and driven
with a 2 kHz, 5 Vpp sinusoidal signal, the PSD results of the demodulated phase are shown in
Fig. 5(b). For the phase signal of I;, the 2 kHz component is indistinguishable in the frequency
domain due to dominance from RBS noise. In contrast, distinct peaks at 2 kHz are clearly visible
in the frequency domain of both /1 and ;. Their respective demodulated phase SNRs: SNR_ &,
and SNR_®, can be expressed by: 10log(P(¢,)/P(Noise_I|) and 101log(P(¢,)/P(Noise_I)
respectively. In this experiment, SNR_ & and SNR_®, were measured to 33.11 dB and 32.67 dB,
respectively. These results illustrate that the system phase noise is predominantly governed by
RBS in I, exhibiting significant in-band phase noise. However, by isolating signals /; and I,
using bandpass filters, the phase noise can be dramatically reduced. Hence, the CFS-FTDVS
system enables long-distance vibration sensing with high signal fidelity.
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3.2

Figure 6 presents the relationship between sinusoidal strain and reconstructed phases D; and
D,. With the PZT positioned at the sensing fiber end (121.32 km), applied voltages of 4-12V
induced corresponding strains between 0.37-1.10 pe. Linear fitting of mean values from 10
repeated trials (Fig. 6(a)) revealed the following strain sensitivities for D: 66.12 rad/ue @ 750 Hz,
99.12rad/pe @ 1000 Hz, and 146.52 rad/pue @ 1500 Hz. For D, (Fig. 6(b)), the sensitivities are
74.19rad/pe @ 750Hz, 93.66 rad/pue @ 1000 Hz, and 134.41 rad/ue @ 1500 Hz. As D; and D,
are differential signals derived from the two time-delayed phase signals, their amplitudes depend
on the vibration frequency. Consequently, the system sensitivity also varies with frequency and
exhibits a linear relationship with it. The measured sensitivity ratios at these vibration frequencies
are approximately 1:1.5:2.2 and 1:1.3:1.8 for the two parameters, respectively.

Sensitivity and limit of detection analysis

(a) (b)
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Fig. 6. Strain response and sensitivity at 121.323 km: (a) Phase shift of D with varying
strain at different frequencies; (b) Phase shift of D, with varying strain at different frequencies.

The limit of detection (LoD) of the sensing system can be calculated by the following formula:

mean(D,,)

LoD = —MMMMM—
Sensitivity X VB

(28)
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where D, represents the integrated amplitude measured over the effective bandwidth under
vibration-free conditions. The values obtained from D; is 32.20rad and D, is 32.40rad, while B
denotes the bandwidth of the BPD (200 MHz). The discrepancy between the D, values of the
two paths stems from the difference in their optical lengths and thus different cumulative phase
noise: the path experienced by E; is approximately 10 km longer than that of E.

The LoD deduction under different frequencies are shown in Table 1, which indicates that the
sensitivity progressively increases while the LoD decreases with rising vibration frequency. At
1500 Hz, sensitivity is 146.52 rad/ue and the LoD is 15.54 pe/Hz'/?. However, the frequency
response range is constrained by the lengths of the two delay fibers and the frequency sweep
rate. Higher vibration frequencies cause spectral aliasing between /| and I, compromising
their separation. The max frequency response is fim,x < yAf/2. Increasing either the sweep
rate or delay fiber length elevates the beat frequency beyond practical sampling capabilities.
Therefore, an appropriate choice of delay fiber lengths and sweep parameters is critical for
optimal performance.

Table 1. The sensing performance at a position of 120 km with different vibration
frequencies

Frequency Dy(v) Ds(t)

(Hz) Sensitivity D,, (rad) LoD Sensitivity Dy, (rad) LoD
(rad/pe) (pe/Hz 172y (rad/pe) (pe/Hz 1/2y

750 66.12 34.44 74.19 30.69

1000 99.12 32.20 22.97 93.66 32.40 24.31

1500 146.52 15.54 134.41 17.05

Eq. (17-18) indicate that the sensing optical field E; experiences the same external perturbation
¢ twice with position-dependent time delays upon returning to Rx. Consequently, the amplitude
response of ¢ and ¢, exhibit frequency- and position-dependent variations. With the PZT
strain value set to 0.7360 pe, vibration frequency of 1000 Hz, and position at 120 km as the
baseline, the phase shift of ¢, ¢», D and D, are now 425.97 rad, 408.66 rad, 70.18 rad and
67.25 rad respectively. Figure 7(a) and (c) present simulated phase amplitudes as functions of
frequency and vibration position. In Fig. 7(a) (vibration at 120 km, 100-2000Hz sinusoidal
signals), the phase shift for both ¢; and ¢, components decrease nonlinearly with increasing
frequency. Figure 7(c) demonstrates the position-dependent amplitude variation at 1000 Hz,
where the relationship exhibits oscillatory behavior. As described in Eq. (17) and (18), ¢,(¢) and
¢ (t) represent the superposition of two phase components. The ¢;(¢) component approaches
zero near 80 km due to destructive interference (time delay 7, equals to half of the vibration
signal period). Conversely, the reconstructed phases D; and D, exhibit a frequency-dependent
linear increase with very similar slopes of 6.93 and 6.64, respectively (Fig. 7(b)). The responses
of D remain spatially consistent along the sensing fiber, showing negligible variation (maximum
difference: 0.005 rad) as shown in Fig. 7(d). These results facilitate calibration of measured data
to account for possible variations depending on the perceived vibration frequency and position.

3.3. Vibration positioning analysis

To validate the vibration demodulation and positioning ability of the sensing system, a sensing
fiber with a length of 121,353 m was employed. A piezoelectric transducer (PZT) with 60 m of
coiled fiber (calibrated) was positioned at the distal end of the sensing fiber to create vibrations
along the sensing fiber. Sinusoidal signals at 2 kHz and sinc signals at 300 Hz were respectively
applied to the PZT as driving signals. With the sweep period set to 10 ms, the corresponding
waveform acquisition duration is 10 ms. Setting the vibration frequency above 100 Hz allows
the acquisition of a greater number of waveform cycles, thereby improving the accuracy of
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Fig. 7. Simulations of phase shift as functions of frequency and vibration position (a) Phase
shift of ¢; and ¢, as a function of frequency; (b) Phase shift of D and D, as a function of
frequency; (c) Phase shift of ¢; and ¢, as a function of vibration position; (d) Phase shift of
D and D; as function of vibration position.

time-delay estimation. During system configuration, the sweep period can be adjusted flexibly
to accommodate a wider frequency response range. However, an upper limit to the sweep
period would be considered to avoid significantly reducing the measurement rate (refresh rate).
During system configuration, the sweep period can be adjusted flexibly to accommodate a wider
frequency response range. To extract I; and I, while mitigating the impact of Igps, two FIR
equiripple bandpass filters were configured to eliminate /5. The passbands of bandpass filter 1 and
2 are designed at 60.7-62.7 MHz and 63.4-65.4 MHz, respectively. Figure 8(a) and (b) present
the STFT results of I; under the two distinct vibration conditions. As observed in the results,
the influence of external vibrations induces corresponding time-frequency variations at center
frequencies of 61.75 MHz and 64.28 MHz, signifying that the vibrations generate phase shifts in
both /1 and I,. Phase demodulation was performed on /; and />, with the results presented in
Fig. 8(c) and (d). Due to effective mitigation of noise interference from Igps, the demodulated
phase signals exhibit relatively high SNR. Furthermore, the reconstructed phases D and D,
exhibit high correlation with quantifiable time delay. The cross-correlation analysis deduced
time delays of 0.101 ms and 0.104 ms, respectively. Substituting these values into Eq. (24) leads
to calculated vibration positions of 121,014 m and 120,702 m, corresponding to positioning
errors of 309 m and 621 m from the actual vibration position. It should be stressed that such
discrepancies can be reduced through mean-position or fiber length calibration.

To validate the positioning ability of the sensing system at different positions along the sensing
fiber, the PZT was sequentially placed at the junctions of three fiber links (lengths: 50,564 m,
50,585 m and 20,144 m) to allow testing of vibrations at distinct locations. The actual vibration
positions (midpoints of PZT-coiled fiber) were set at 30 m (A), 50,594 m (B), 101,179 m (C), and
121,323 m (D), as illustrated in Fig. 9(e). Then, 64 successive measurements per position were
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Fig. 8. Vibration signal analysis: STFT of I; with (a) 2 kHz sinusoidal signal; and (b)
300 Hz sinc signal; Demodulated phase ¢ and ¢;, reconstructed phase D and D; of (c) 2
kHz sinusoidal signal; (d) 300 Hz sinc signal.

carried out using a 300 Hz periodic sinc drive signal, with reconstructed phases D and D, shown
in Fig. 9(a)—(d) and positioning results in Fig. 9(f). For position A, a cross-correlation-derived
delay of #,= 1.268 ms corresponds to a calculated position of —174 m (error: 204 m), with a
mean position of —100 m (error: 130 m, STD: 85.09 m). For position B, #,= 0.795 ms leads to
50,114 m (error: 480 m), with a mean value of 50,087 m (error: 507 m, STD: 158.29 m). For
position C, f,= 0.298 ms denotes 100,851 m (error: 328 m), with a mean value of 100,914 m
(error: 265m, STD: 133.29m). Lastly, for position D, t,= 0.101 ms represents 121,014 m
(error: 309 m), with a mean value of 120,954 m (error: 369 m, STD: 133.37 m). The experiment
results indicate that despite substantial positioning errors— maximum error of 507 m at Position
B (STD: 158.29 m)—positioning remains feasible and consistent at all tested positions along
121 km of sensing fiber, unlike previous reports using double-ended configurations [11]. The
variation in positioning accuracy at different positions is attributed to the influence from time-
and space-dependent environmental noise during measurements. Additionally, changes in the
state of polarization within the sensing fiber also affect the positioning accuracy. The discrepancy
between the measured position and the actual position arises from deviations in the fiber effective
index used in calculations versus its true value. In practical applications, this can be mitigated by
back-calculating compensation values from the mean positioning values to recalibrate the total
length of the sensing fiber.

To illustrate that the sensing system can work effectively in a complex environment with
multiple concurrent vibration events, multi-point vibration positioning was demonstrated using
the phase-spectrum time delay method [25]. During the experiment, 70.783 km of sensing fiber
was connected with 2 PZTs inserted at the mid-point (50.571 km) and the far end (70.753 km) of
the sensing fiber. Sinusoidal drive signals at 1.5 kHz and 2.5 kHz were applied to the PZTs. The
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Fig. 9. Vibration measurements at different positions: Reconstructed phase at (a) position
A (30 m); (b) Position B (50,594 m); (c) Position C (101,179 m); (d) Position D (121,323 m);
(e) Fiber links forming the sensing fiber; (f) Positioning reproducibility of 64 successive
measurements. STD: standard deviation.

reconstructed phase signals are shown in Fig. 10(a). It can be observed that the signals at D ()
and D;(r) correspond to the superposition of the two sinusoidal signals and exhibit a high degree
of correlation. The amplitude spectrum of the reconstructed phase signals, obtained via the Fast
Fourier Transform (FFT), are plotted in Fig. 10(b). Two distinct peaks are clearly visible at 1.5
kHz and 2.5 kHz, consistent with the actual vibration frequencies. The time-delay spectrum,
derived from the phase spectrum of the Fourier transform of the cross-correlation results, is
shown in Fig. 10(c). The time delays corresponding to 1.5 kHz and 2.5 kHz were measured as
0.296 ms and 0.099 ms, respectively. Substituting these values into Eq. (24) yieldes calculated
vibration positions of 50.601 km and 70.665 km, respectively. The resulting positioning errors
are only 29 m and 88 m compared to the actual positions. To further evaluate the stability of the
sensing system for multi-point vibration positioning, 32 repeated positioning measurements were
conducted. The experiment results are summarized in Fig. 10(d). Over the 32 trials, the mean
position near the 50 km mark is 50.606 km, with an error of 35 m relative to the actual position
and a STD of 56.03 m. Near the 70 km mark, the mean position is 70.676 km, with an error of
107 m and an STD of 70.73 m. This demonstrates that the positioning of multiple vibrations is
feasible at the basic level.
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Fig. 10. Multi-point vibration measurements: (a) Phase signal of two vibration points; (b)
Phase amplitude spectrum from FFT; (c) Phase-spectrum time delay analysis; (d) Positioning
reproducibility of 32 successive measurements.

4. Conclusion

This work advances single-ended, ultra-long-distance distributed sensing technology through the
demonstration of a forward-transmission distributed fiber-optic vibration (FTDVS) system based
on chirped frequency-swept modulation and passive-terminal design. The system employs an
I/Q modulator to generate single-sideband modulated chirped frequency-swept probe signals.
Through two terminal-end delay fibers of different lengths, forward-propagating light paths
can be precisely extracted via frequency-domain methods, while Rayleigh backscatter (RBS)
noise is spectrally isolated. This practical implementation can use standard telecom single-mode
fiber with single-channel analog-to-digital data acquisition. Overall, the proposed sensing
system significantly reduces complexity and cost compared to prior art. The experimental
validation demonstrated a 120 km sensing distance without inline amplification, and an 85 m
position accuracy (STD), despite extremely weak forward-transmitted signal conditions (72 dB
below RBS). The system sensitivity is 146.52 rad/ue and the LoD is 15.54 pe/Hz'/? at 1500 Hz.
The frequency response range is 100 Hz — 1 MHz under a sweep frequency cycle of 10 ms.
Furthermore, multi-point vibration positioning was verified over 70 km with 56 m position
accuracy, by using a phase-spectrum-based signal processing method.
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Appendix A

A.1 Multi-path RBS power analysis

Owing to the unidirectional isolation property of Cir2 in Fig. 1(a), the RBS of the optical field Ej
can be divided into five paths. The most significant contribution to the forward optical field E;
and E; comes from Eyps described in Section 2.1. When the sensing fiber length exceeds 65 km,
the optical power of Es surpasses that of the £y and E; due to the integration of RBS at the Rx.
The remaining four path of RBS optical fields Eips2, Erbs3, Erbsa and Eppgs are as follows:
Pathrpsy: Sensing fiber—TDF1—Sensing fiber—TDF1—Cir2— Sensing fiber—Cirl -0C4
Pathrpss: Sensing fiber—TDF2—Sensing fiber—TDF2—Cir2— Sensing fiber—Cirl -0C4
Pathgpsa: Sensing fiber—TDF1—Sensing fiber—TDF2—Cir2—Sensing fiber—Cirl -0C4
Pathgpss: Sensing fiber—TDF2— Sensing fiber—TDF1—Cir2—Sensing fiber—Cirl -0C4
Given an initial optical power of Py, we can establish a model for the optical power received by
Rx from each optical field as a function of fiber length L, enabling the analysis of how the RBS
optical field from different paths influence the forward optical fields. According to the optical
power attenuation formula, the optical powers P and P, of E| and E; returning to Rx through
the sensing fiber are given by:

Pl (L) = PO exp(—a'(ZL + L] )) (29)

P>(L) = Poexp(—a(2L + L)) (30)

The optical power Prps received at Rx from E,;; (dominant component in the RBS) can be

expressed as:
L

Pras(L) = Poa; ) exp(-2az) 31)
z=0
where a; is the Rayleigh backscattering coefficient of the fiber, a is the attenuation coefficient, and
zrepresents the nominal scattering point along the sensing fiber where the Rayleigh backscattering
is generated. Taking E,5 as an example, the optical power Pgrpsy received at Rx can be expressed
as:

L
Prosa(L) = Py ) exp(~aL)x exp(~aLy) X exp(~a(L - 2)) )
z=0

X asexp(—a(L — 7)) X exp(—aL;) X exp(—aL)

The first term corresponds to the path traveled by the forward light to the nominal scattering
point at position z, while the second term describes the path of the Rayleigh backscattering from
point z through Cir2 back into the sensing fiber and finally to Rx. Following the same logic,
Prps3, Prpsa and Pgpss can be expressed respectively as:

L
Prps3(L) = Py Z exp(—aL)x exp(—aL,) X exp(-a(L - 7))
1=0
X a5 exp(—a(L — 7)) X exp(—aL;y) X exp(—aL) (33)

L
=Py Z exp(—4al —2al, + 2az)
1=0
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L
Prasa(L) = Po ) exp(~aL)x exp(-aLy) X exp(~a(L - 2))

1=0

X a5 exp(—a(L — 7)) X exp(—aL;y) X exp(—aL) (34)
L

=Py Z exp(—4aL — a(L, + Ly) + 2az)
1=0

L
Prpss(L) = P Z exp(—aL)x exp(—aL;) X exp(—a(L - 7))
=

X as exp(—a(L — 7)) X exp(—aL;) X exp(—aL) (35)

L
=Py Z exp(—4aL — a(L, + Ly) + 2az)
=0
The simulation results of Py, P, Pras, Pres2, Prps3, Prpss and Pgpss as a function of distance
are shown in Fig. 11. It can be observed that Pgrps surpasses P; and P, at sensing distances
beyond 65 km. However, this dominant noise component is removable by employing a bandpass
filter to isolate the forward interference signals /; and I,. In contrast, the components from Pgpgs>
to Pgpss are consistently attenuated by more than 31 dB relative to Py and P, for all distances,
rendering them as negligible background noise.

0 50 100 150 200 250 300
Distance (km)

Fig. 11. Simulation results of Py, P», Pres, PRBS2> PRBS3> PRBS4 and Prgss as a function
of distance.
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