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Abstract—Phase-sensitive optical time-domain reflectometry
(®-OTDR) has been applied in distributed acoustic sensing (DAS)
of many fields, such as deep-sea geological activity monitoring, oil
extraction, and intelligent transportation. However, in ®-OTDR,
the continuous acquisition of broadband acoustic/vibration sig-
nals with high spatial resolution has always been a challenge.
In this article, a real-time chirped-pulse (CP) ®-OTDR based on
overlap-save polyphase fast Fourier transform (OS-PFFT) optical
pulse compression is demonstrated for DAS with high spatial
resolution and broadband frequency response. In the proposed
system, a polyphase-channel parallel approach is employed for
interleaved sampling on Rayleigh backscattering (RBS) signal
segments with subsequent FFT processing, thus reducing the
computational load while improving data throughput. A pulse
compression at a high sampling rate of 3.2 GSa/s has been
achieved successfully in a field-programmable gate array (FPGA)
without clock constraints. A strain resolution of 26.3 pe/vHz
and a spatial resolution of 0.9 m were experimentally achieved
at a distance of 25 km, and a spatial resolution of 2.5 m was
achieved at 70 km. A low-frequency vibration at 0.01 Hz was
detected with a signal-to-noise ratio (SNR) of 48 dB, whereas a
maximum detectable frequency of 5 kHz was demonstrated. As
a result, the proposed real-time DAS scheme has the potential to
facilitate DAS applications with requirements for a wide-range
frequency response and rapid sensing capabilities.

Index Terms—Distributed acoustic sensing (DAS), field-
programmable gate array (FPGA), phase-sensitive optical
time-domain reflectometry.

NOMENCLATURE
r(T) Rayleigh backscattering complex reflec-
tion coefficient corresponding to the
round-trip delay 7.
x[n] Sampled analytic beat-signal sequence.
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hln] Sampled matched-filter kernel.

y[n] Discrete pulse-compressed output
sequence.

Ly Effective length of the sampled matched-
filter kernel h[n].

winL FFT block length used in overlap-save
processing.

D Block hop size / valid output length
retained from each block.

M Number of polyphase branches.

P Number of FFT points per phase, with

winl. = MP.

I. INTRODUCTION

ISTRIBUTED acoustic sensing (DAS) technology is of

great significance in various application fields such as oil
extraction [1], power cable patrol inspection [2], and intelligent
transportation [3], [4], [5]. The phase-sensitive optical time-
domain reflectometry (®-OTDR), serving as a representative
type of DAS technology, functions by launching coherent laser
pulses to interrogate optical fibers, and derives the longitu-
dinal strain distribution by extracting the phase of Rayleigh
backscattering (RBS) light from the fiber. In most applications,
a fundamental challenge involves balancing signal-to-noise
ratio (SNR), spatial resolution, and sensing range through
systematic tradeoff quantification. For instance, increasing
pulsewidth enhances SNR and sensing range while sacrificing
the spatial resolution. Furthermore, insufficient demodulation
speed in a DAS system forces a tradeoff between reducing
the analog-to-digital converter (ADC) sampling frequency and
decreasing pulse repetition rate to prevent missed detection
events during real-time monitoring. The former limits the
modulation bandwidths and sensing performance in a DAS
system, while the latter leads to frequency response band-
width contraction and background noise aliasing into the
low-frequency detection band [6], [7]. Therefore, there is an
urgent need for a high-performance real-time DAS system that
could simultaneously cover ultralow-frequency vibration and
conventional acoustic bands.

Recently, several methods have been proposed to achieve
high-SNR vibration measurement in the sub-Hz frequency
band [8], [9], [10], [11], [12], [13]. Sun et al. [8] implemented
a strain-free fiber with a scatter-enhanced points (SEPs) array
as a reference, achieving 0.01-Hz detection with 30.4-dB
SNR [8]. In the same year, Wang et al. [9] developed a
chirped-pulse (CP) ®-OTDR system employing a random fiber
grating array (RFGA) as a sensing element, integrated with
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a reference random fiber grating for laser frequency drift
monitoring. This configuration enabled dynamic strain recon-
struction in the 0.01-20-Hz range [9]. The RBS-enhanced fiber
(SEPs and RFGA) could effectively increase the signal
SNR but significantly increases the cost in processing sys-
tems. Vidal-Moreno et al. [10] demonstrated that their CP
O-OTDR system could maintain long-term stability exceeding
two months by prebuilding a static reference “database.” The
assistant algorithm (laser frequency drift monitoring and static
reference “database”) significantly increased system complex-
ity and time consumption in practical applications due to
potential database reconstruction requirements under changing
environmental conditions. In addition, in [11], [12], and [13],
dynamic phase reference information was obtained via dual-
pulse fiber injection, aiding in extracting < 1-Hz perturbation
signals from low-frequency noise. Unfortunately, the trade-
off between spatial resolution and sensing distance persisted
due to the single-frequency narrow pulses. Besides, achiev-
ing broadband acoustic wave measurement across both low
frequencies and conventional vibration frequencies requires
real-time processing of a significantly larger volume of data,
which places extremely high demands on the processing
performance of the system.

Several methods have been demonstrated to achieve real-
time processing of large volumes of RBS data. The first
approach involves using a band-sampling technique to reduce
the data volume while preserving most critical information
[14], [15], [16]. Alternatively, optimizing the quantization bit
depth to alleviate data processing load represents an effective
strategy [17], [18]. However, band-sampling imposes strict
constraints on the modulation pulse bandwidth, which severely
limits improvements in spatial resolution. Moreover, small
quantization bit widths can lead to significant noise accu-
mulation during the demodulation process, thereby degrading
sensing accuracy. The second strategy involves using opti-
cal or electronic devices to directly implement the Hilbert
transform, thereby reducing the complexity of digital signal
processing. For example, in [19], [20], and [21], a 90° optical
hybrid is employed for in-phase/quadrature (IQ) demodulation,
while electrical IQ mixers [22] or 3-dB quadrature mixers
[23] were applied to extract I/Q components. Although these
additional devices significantly enhance data processing speed,
they increase the system cost and may introduce signal noise
overextended operation. In addition, field-programmable gate
arrays (FPGAs) and graphics processing units (GPUs) rep-
resent suitable hardware choices for accelerating the DAS
demodulation process [24], [25], [26], [27], [28]. For instance,
Sha et al. [27] utilized a GPU to perform parallel computation
on time series data at different spatial locations, significantly
enhancing computational speed. He et al. [28] employed three
decoding filters in an FPGA and achieved real-time pulse
compression and fading noise suppression, achieving a noise
floor of approximately —20 dB ne&/4/Hz under conditions of
3-m spatial resolution and a 10-kS/s interrogation rate [28].
Beyond these electronic-domain approaches, all-optical and
photonic—electronic hybrid FFT processors have also been
explored for high-throughput signal processing. All-optical
FFT architectures can deliver extremely high data rates but
are not well suited for the large transform sizes required in
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DAS [29]. Hybrid photonic—electronic systems [30] support
broader FFT scales, yet their multiply—accumulate opera-
tions remain electronic, with photonics mainly serving as
parallel I/O. Recent silicon-photonics platforms [31] likewise
employ photonic devices primarily for chip-level I/O or fixed
linear transforms, while large, reconfigurable FFTs continue
to rely on FPGAs or ASICs. These trends indicate that both
electronic and photonic—electronic architectures ultimately
hinge on efficient digital signal processing organization. The
FPGA-based scheme presented in this work offers a practical
and effective solution for high-resolution, high-sensitivity, and
long-range DAS under streaming DSP constraints. Overlap-
save and parallel FFT architectures have been adopted to
improve throughput in high-rate implementations [32], [33].

In this work, we present a real-time DAS interrogator
system with a broadband frequency response, integrating
overlap-save polyphase fast Fourier transform (OS-PFFT)
pulse compression into an end-to-end FPGA streaming demod-
ulation pipeline. The OS-PFFT employs an overlap-save
algorithm to address the computational load growth with
increasing fiber length and a parallel polyphase decomposition
strategy to improve FPGA data throughput. This system-level
integration translates OS-PFFT into an end-to-end real-time
DSP framework, rather than an offline processing block,
thereby improving processing efficiency and sensing perfor-
mance. The system performance, including spatial resolution,
sensitivity, and frequency response, was experimentally eval-
uated, achieving a strain resolution of 26.3 pe/+/Hz at 25 km,
with spatial resolution maintained at 0.9 m at 25 km, 1.75 m
at 50 km, and 2.5 m at 70 km, and a minimum frequency
response of 0.01 Hz while maintaining an interrogation rate
of 10 kS/s over a 10-km fiber. Overall, these high-performance
metrics render this system suitable for various engineering
DAS applications.

II. PRINCIPLE

The CP ®-OTDR system comprises an interrogator and
a sensing fiber, as shown in Fig. 1(a). A linear frequency
modulated (LFM) probe light pulse is sent into the optical
fiber, and its complex optical field expression is given by [34]

E,(t)=exp[j[wt+d®]]E® (1)

where E(t) = w(t/T,)exp(j2nfot + jnkt?) is the LFM pulse
generated by a direct digital synthesizer (DDS), T, is the
pulse duration, fj is the additional frequency induced by the
modulator, w(e) is the window function of the LFM pulse, « is
the frequency sweeping rate, w, is the central frequency of the
laser, and ¢(f) represents that the integral of white Gaussian
noise is the phase noise. After passing through the detector,
the photocurrent can be expressed as

i(1)

[ r@w <I7T_FT) exp [j (-0 T+ ¢t =7) = ¢ (1)
+ 7fo(t— 1) + 7k (1 — 7)) | dr

o« 2Re

2

where r(7) is the RBS complex reflection coefficient in the
fiber corresponding to time delay 7 and T is the total round-
trip time of light in the fiber under test (FUT). After applying

Authorized licensed use limited to: SHENZHEN UNIVERSITY. Downloaded on June 29,2026 at 12:25:43 UTC from IEEE Xplore. Restrictions apply.



CHEN et al.: REAL-TIME BROADBAND CHIRPED-PULSE ®-OTDR USING OS-PFFT COMPRESSION

(a) Instrument & optical layout

A7 ==

9702610

:(b) Two-phase OS-PFFT concept within FPGA

1
f | normalized OS-PFFT optical pulse compression f |
~ ! l |
~ t phase factor e\% /]’ /’70 | t
a &) ”, :
7 - qampine é b A ’bé $e 1/B 3
h ] ‘)0““\\350 0 \{ 4_& —»}714—
w'*‘.ﬁ‘:'_l,'f»\ i / / > ey
| - é
o : > ) ), <
|———winL ! Do“n-sampﬁng 7 N 1Lz ill > :
fading phase 1 . winL/2 valid

Fig. 1. Proposed CP ®-OTDR interrogator and the OS-PFFT algorithm for DAS. (a) Photograph of the developed DAS instrument and its optical layout.
(b) Schematic of the two-phase OS-PFFT concept for streaming pulse compression, enabling SNR/spatial-resolution improvement and mitigating fading.
(OS-PFFT: overlap-save polyphase fast Fourier transform; AOM: acousto-optic modulator; FRM: Faraday rotator mirror; EDFA: erbium-doped fiber amplifier;
PDR, polarization diversity receiver; and FPGA: field-programmable gate array).

the Hilbert transform of i(¢) to obtain the analytic signal I(),
the pulse-compressed output y(¢) is given by the matched-filter
operation

y ()
=I(H)QE" (-1

Tr “+o0
= / r (1) exp (— jw,T) / exp [j (¢ (Tn—7) — ¢ (1,0)]
0 —c0
E(ty —1)E" (t, — drpdr (3)

where ® is the convolution operator. Equation (3) gives the
continuous-time matched-filter response of the RBS signal.
In the following, the OS-PFFT architecture implements the
matched filtering in (3) in a hardware-efficient way. For digital
implementation, let 7y = 1/f; denote the sampling interval,
and f; is the sampling rate. The sampled analytic beat signal
is defined as x[n] = I(nTy) and h[n] = E*(—nT,), where x[n] is
the discrete input sequence and A[n] is the sampled matched-
filter kernel with effective length L;. Then, with key notations
summarized in Nomenclature, the sampled version of (3) is

written as the discrete linear convolution

Ly-1
yinl =Y x[tlhln-¢l. )
¢

Equation (4) explicitly links the continuous-time matched
filtering in (3) to its discrete-time FPGA implementation.
However, directly evaluating (4) over a long FUT trace is
unsuitable for real-time streaming. The overlap-save method
is adopted as a block-convolution strategy to maintain a fixed
transform size independent of trace length [35]. As shown
in Fig. 1(b), let winL denote the FFT block length, and let
D denote the hop size between adjacent blocks. In general,
D = winL — (L — 1). In the present implementation, a 50%
overlap is used, i.e., D = winL/2, and the design ensures that

L, — 1 < D. Then, the bth input block can be defined and
expressed as

xp[u]l = x[bD 4+ u — (L, — 1] )

where b is the block index and u € [0,winL — 1] is the
local sample index within one block. Samples outside the
valid range of x[n] are set to zero. The matched-filtering
implementation of the bth block convolution is then

Vo [u] = iff tyine {ff twine (X [} - % ff twin (R [u]}}.  (6)

Because the first L, — 1 samples of each block output are
corrupted by circular-convolution wraparound, only the valid
part is retained. Accordingly, the global output sequence is
reconstructed as

y[bD +n] =y, [n+ L, —1] (7

where 0 < n < D -1, which corresponds to retaining the latter
half of each computed segment in the present 50%-overlap
implementation. By systematically discarding the wraparound
artifacts and seamlessly concatenating these valid segments,
(5)—(7) formulate the standard mechanism to continuously
process the incoming beat signal. As a result, the compu-
tational complexity is governed by winL rather than by the
total number of samples in the FUT. In terms of hardware
implementation, this blockwise strategy avoids the necessity
of ultra-large-point FFTs, thereby significantly reducing the
BRAM resource requirements.

To sustain the continuous 3.2-GSa/s ADC throughput where
multiple samples arrive per clock cycle, the block FFT must
be mapped onto a parallel polyphase architecture [36]. For
the bth block, let winL = MP, where M is the number of
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polyphase branches and P is the FFT size in each branch. The
winL-point FFT of x,[u] is

winL—1

Z xp W) Wit 1 ®)

u=0

Xp [k] =

where Wy = exp(—j2n/N) is the twiddle factor. By reindexing
the time-domain sample index as ¥ = Mp + m and the
frequency index as k = k| + Pk, where 0 < p, k; < P—1 and
0<m, kp <M -1, (8) becomes

M-1 P-1

X [ky + Pky] = Z Z xy [Mp + m] WipmatPi) - g,

m=0 p=

~

Using the factorization property of the twiddle factors, the
above expression can be rearranged as

M-1 P-1

Xy [k + Phkol =Y Wik [ Y x [Mp +m] Wh | wie.

m=0 p=0
(10

Equation (10) links this polyphase decomposition directly to
the FPGA parallel architecture. The M parallel branches pro-
vide a natural mapping to the concurrent multiply-accumulate
logic within DSP slices, enabling the system to sustain the
massive 3.2-GSa/s ADC throughput.

Having established the hardware realization in (5)—(10),
we next use the sampled matched-filter model in (4) to
interpret the sensing performance. Using the known relation
Efexp[j(¢(t — 1) — ()]} = exp(—2mxAv7) [37], the mean mea-
surement response of y[n] can be rewritten as

Efy[n]} = Z r[€]exp (—jw LTs) exp (—2rAvET ) g [n — {]

f (1)
where Av is the linewidth of the laser source, r[{] = r({Ty)
denotes the sampled RBS sequence, and g[n] is the discrete
pulse-compression kernel, i.e., the sampled autocorrelation
of the chirped pulse. Equation (11) shows that the sam-
pled output inherits both the autocorrelation profile of the
chirped pulse and the distance-dependent linewidth penalty.
Let z, = vonT/2 denote the distance corresponding to the
nth sampled position, where v, is the group velocity in the
fiber. The phase-extraction noise variance at position z, can
be expressed as [37]

1 . 9.B 1
SNR(z,)  RaPy (z,) exp? (=2nAvnT)

o (z0) = (12)
where R, is the responsivity of the detector, g, is the electron
charge, Py(z,) is the local power of the sampled pulse-
compressed output at position z,,, and B is the equivalent noise
bandwidth of g[n]. Considering band-limited white noise, the
sampled noise variance after repeated interrogation with an
interval T is

05 (zn) = 2Af0 () Tr

where Afis the bandwidth of the band-limited white noise
with the condition Af-Tr > 1. Equation (13) further indicates
that operating a practical OTDR system at the highest feasible
pulse repetition frequency is beneficial for enhancing detection
sensitivity and improving adaptability in complex scenarios.

13)
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IIT. EXPERIMENTAL SETUP

Fig. 1(a) shows the experimental setup of the proposed
CP ®-OTDR. In this system, the light wave from a narrow
linewidth laser (NKT, El5) is split into two beams by a
90:10 optical coupler. The probe beam (90%) is periodically
modulated into optical pulses with a width of 1 us and a
period of 100 us by an acousto-optic modulator (AOM),
while the reference beam (10%) remains a frequency-stable
continuous light wave. The AOM is driven by a DDS with a
frequency sweeping range from 165 to 225 MHz. A double-
pass configuration with a Faraday rotator mirror (FRM) is
used to increase the light-wave frequency chirp rate. After
two interactions with the AOM, the probe beam chirps from
330 to 450 MHz before being amplified by an erbium-doped
fiber amplifier (EDFA). Then, the probe pulse is launched into
FUT via an optical circulator. The RBS signal from the FUT
is sent to the polarization diversity receiver (PDR), where its
two orthogonal polarization states mix with the LO, respec-
tively. Subsequently, the two beating signals are converted
into electrical signals by a pair of balanced photodetectors
(BPDs, 1.6-GHz bandwidth) and then sampled by a
dual-channel high-speed ADC (ADC12DJ3200, 3.2 GSa/s,
12-bit resolution) with a full-scale voltage of 1 V.

As shown in Fig. 2(a), the sampled beat signal is streamed
into the FPGA for real-time demodulation. Fig. 2(b) details the
M-phase FFT decomposition and frequency-domain matched
filtering for pulse compression. A winL-sample data segment
is partitioned into M phases with step M, each undergoing a
P—point FFT, multiplication by the phase shift factor W*™ |
and then an M-point FFT applied across the Msamples
simultaneously produced by the M channels at each clock
cycle. Each channel’s output corresponds to frequency-domain
points spaced by P, with pulse compression achieved by
multiplying these outputs with matched filter coefficients.
The corresponding spectrogram before/after compression is
illustrated in Fig. 2(c). In the experiment, M = 16 and L =2
are set, where L denotes the number of selected phases. The
first and second phases (200-600 MHz) are employed for
the L—phase IFFT, generating time-domain complex signals
at a 400-MSa/s sampling rate. This procedure is equiva-
lent to applying an eight-point moving average followed by
eightfold downsampling to signals from the M—phase IFFT,
thereby enhancing SNR [38]. At a 3.2-GSa/s sampling rate,
the proposed method avoids an M—phase IFFT after the
M-phase FFT by exploiting the confinement of the RBS
signal to 330-450 MHz. Since out-of-band components are
suppressed by matched filtering, truncating the spectrum to
200-600 MHz for the L—phase IFFT significantly improves
computational efficiency while introducing negligible distor-
tion. Subsequently, the inner-pulse frequency-division (IPFD)
method and the rotated-vector-summary (RVS) method are
[39] used to fuse orthogonally polarized signals. Finally, the
FPGA-processed demodulated phase is transferred to the host
computer for storage, with the sampling duration limited only
by the storage capacity.

IV. RESULTS AND DISCUSSION

The influence of the number of FFT points and the chirped
pulse duration on signal reconstruction was studied. The
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Fig. 2. Data processing flow of CP ®-OTDR demodulation with the OS-PFFT algorithm implemented in an FPGA. (a) Processing pipeline from beat-signal
sampling to phase retrieval. (b) Zoom-in of the M-phase FFT and frequency-domain matched filtering. (c) Spectrogram illustration before and after pulse
compression. (OS-PFFT: overlap-save polyphase fast Fourier transform; RVS: rotated vector summary).

number of FFT points was set to 2048, 4096, 8192, 16384,
32768, and 65 536, respectively, and the pulsewidth was set to
500, 1000, 2000, and 5000 ns, respectively. An FFT operation
with stagewise scaling was performed based on the radix-2
butterfly structure [40]. For RBS data with varying pulse
widths, frequency-domain pulse compression is performed
using double-precision arithmetic to obtain references, where
the number of FFT points is determined by the temporal
length of the chirped pulse. The demodulation accuracy of
the OS-PFFT optical pulse compression across different FFT
point configurations is evaluated via Pearson correlation coef-
ficients (PCCs) and root-mean-square error (RMSE) between
its results and the references. As depicted in Fig. 3(a) and (b),
PCCs increase monotonically, while RMSE decreases with
increasing FFT points. Theoretically, when the FFT point
count reaches twice the CP duration and approaches the near-
est power of two, the consistency between the demodulated
results and reference signals improves significantly. However,
due to quantization errors, further increases in FFT points lead
to performance degradation. In addition, Fig. 3(c) illustrates
that larger FFT point sizes result in higher FPGA resource
utilization.

In our implementation on an Xilinx KU060 FPGA, the
OS-PFFT scheme with winL = 8192 and M = 16 con-
sumes 12.94% LUTSs, 9.39% LUTRAM, 12.76% FFs, 8.74%
BRAMs, and 33.56% DSP slices, whereas a direct 8192-point
FFT consumes only 5.84% LUTs, 3.57% LUTRAM, 5.81%
FFs, 8.34% BRAMSs, and 9.90% DSPs. The OS-PFFT scheme
delivers a 16x throughput gain while remaining deploy-
able on commercial FPGAs through appropriate parameter
selection. For operation at even higher ADC sampling rates,
the throughput can be further increased by partitioning the
OS-PFFT into a larger number of parallel polyphase branches
so that more samples are processed per clock cycle. In such
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Fig. 3. Influence of different FFT points on the reconstruction accu-

racy and resource consumption for RBS pulse compression. (a) PCCs and
(b) RMSE accuracy of RBS for chirped pulses of 500, 1000, 2000, and
5000 ns using FFT points from 2048 to 65536. (c) Per-resource FPGA
utilization of the DAS demodulation algorithm with different FFT points.
The percentages represent the utilization of each resource type relative to the
corresponding total available resources.

cases, additional timing constraints and careful placement are
required to ensure interphase synchronization and preserve
phase coherence across the reconstructed RBS traces.
Subsequently, we analyzed the influence of winL on the
demodulation. Considering that the total length of the FUT
was nearly 9 km, the duration of chirped pulse was set to
1 us, and a repetition period was set to 100 us, slightly larger
than the maximum round-trip time of lightwave traveling
through the FUT. Besides, the gauge length of this system
was configured to 0.9 m. A cylinder piezoelectric transducer
(PZT), with an approximately 80-cm-long fiber attached, was
placed at 8395 m and was excited by a 1-kHz sinusoidal
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and (b) corresponding PSDs.
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signal. The recovered waveforms and power spectral densi-
ties (PSDs), with a recording time of 0.4 s, are plotted in
Fig. 4(a) and (b). The results show little discrepancy in either
the time or frequency domain, except when winL is 2048.
As shown in Fig. 4(a), when winL is larger than 2048, the
time-domain waveforms with period of 1 ms and the ampli-
tude of 0.24 rad are successfully reconstructed. As shown in
Fig. 4(b), when winL is larger than 2048, the PSDs show fewer
higher-order harmonics, and the strain resolution is nearly
12.3 pe/4/Hz. Besides, improper winL configuration induces
spatial crosstalk. As shown in Fig. 5(a), winL = 2048 results
in crosstalk spanning ~150 m at vibration region, accompanied
by prominent higher-order harmonics. Increasing winL to
4096 [see Fig. 5(b)] can partially suppress the crosstalk and
harmonic distortions though full pulse compression remains
unachieved. Further increasing winL [see Fig. 5(c)—(f)] shows
that when winL > 8192, nonvibrating regions exhibit no
significant frequency components in range-frequency plots,
indicating a stable operational state. This phenomenon arises
due to spectral aliasing from consecutive data segments: when
the number of FFT points is less than twice the pulsewidth,
aliasing introduces vibration-related artifacts into undisturbed
regions, leading to spatial crosstalk and elevated harmonics.
Next, demodulations using the proposed OS-PFFT method
and the bandpass-sampling (BS) method were performed on
the same original dataset. The detailed procedure of the
OS-PFFT method has been described in Section III, with
parameters winlL = 8192 and P = 512. In the band-
pass sampling scheme, the signal is first upconverted above
110 MHz, filtered by a finite impulse response (FIR) filter with
a 440-560-MHz passband (cutoffs at 400 and 600 MHz, and
sideband suppression ratio of 30 dB) and then downsampled
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Fig. 6. DAS demodulation results using the OS-PFFT and BS method with
the same original dataset (0.04-s, 400 temporal samples). (a) Phase standard
deviation as functions of distances, (b) strain resolution, and (c) phase-distance
traces. (IPFD: inner-pulse frequency-division; BS: bandpass sampling; and
OS-PFFT: overlap-save polyphase fast Fourier transform).

from 3.2 to 400 MSa/s. The inset of Fig. 6(a) verifies that
both approaches reach a spatial resolution of 0.9 m. However,
OS-PFFT consistently exhibits lower phase fluctuations along
the fiber, resulting in a distribution with reduced variance and
lower mean strain resolution, as shown in Fig. 6(b). Although
the IPFD algorithm suppresses noise for both methods, its
effect on OS-PFFT is marginal, and OS-PFFT still outperforms
BS with IPFD even without the aid of IPFD. As illustrated
in Fig. 6(c), this benefit is further reflected in reduced phase
fluctuations across both the spatial and temporal distributions
of the demodulated acoustic signals. These results confirm that
OS-PFFT achieves superior sensing performance by exploiting
the dense spatial information of high sampling-rate ADCs
instead of discarding it.

In addition, we evaluated the long-distance sensing capabil-
ity of the proposed DAS system. First, a dual-source vibration
experiment was conducted to further verify the system’s
spatial resolvability. Two PZT stack actuators (~2 cm) were
bonded with the sensing fiber using epoxy adhesive and placed
at ~8.4 km. As shown in Fig. 7(a) and (b), two vibra-
tion sources spaced by 2.25 m can be clearly distinguished
in both the spatiotemporal and frequency—spatial domains.
To quantify the practical distinguishability, additional mea-
surements were performed with only PZT1 or only PZT2
driven, and the spatial distributions of the corresponding mean
PSDs above 25 Hz were extracted, as shown in Fig. 7(c). The
response at the other PZT position drops to approximately
—77.03 dB rad?/Hz, which is statistically consistent with the
mean spatial background noise floor of —83.08 dB rad?/Hz
(with a spatial standard deviation o = 5.01 dB). Since the off-
target energy lies within 1.20" of the mean background noise,
any residual crosstalk is effectively buried beneath the noise
floor. Consequently, an average peak-to-background contrast
of 15.4 dB is achieved. This margin corresponds to a 3.10
statistical confidence level, ensuring a clear discrimination
between the two vibration sources. To illustrate this statistical
context, a shaded band representing the mean background
noise floor and its +1o bounds is included in Fig. 7(c).
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Fig. 7. Dual-source vibration experiment for validating spatial resolvability.
The two sources were excited at 1100 and 1400 Hz, respectively. (a) Demodu-
lated vibration responses in the spatiotemporal domain. (b) Frequency—spatial
map obtained from the channelwise PSDs (0.12-s, 1200 temporal samples).
(c) Spatial distributions of the extracted mean PSDs for the single-source
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—3-dB widths (FWHMs) of the spatial peaks, and the dashed lines mark the
peak-to-off-target contrast of 15.4 dB.

In addition, the extracted spatial peaks exhibit —3-dB widths
(FWHMs) of approximately 1.25 m for PZT1 and 1.0 m
for PZT2. Although their 0.25-m difference is constrained
by the spatial sampling interval, the 15.4-dB (3.107) peak-
to-background margin confirms that interchannel crosstalk is
suppressed to the ambient noise floor, ensuring clear spatial
resolvability at this distance. Then, experiments were per-
formed with FUT lengths of 10, 25, 50, and 70 km. For
each configuration, the PZT was positioned at 8.4, 23.1, 49.4,
and 69.1 km, with the corresponding pulse repetition rates
set to 10, 4, 2, and 1.25 kHz, respectively. Fig. 8(a) depicts
the phase standard deviations across the entire FUT, which
serve to characterize the system’s spatial resolution at different
sensing ranges. The insets of Fig. 8(a) confirm that the system
preserves a 0.9-m spatial resolution up to 25 km, with the
resolution gradually relaxing to 1.75 m at 50 km and 2.5 m
at 70 km. This gradual relaxation is primarily attributed
to the distance-dependent increase of phase-extraction noise,
which causes the matched-filter response to deviate from
the ideal autocorrelation and broadens the correlation peak
[see (11) and (12)]. To further quantify the performance of our
system, the probability density functions of strain resolution
were calculated from the corresponding PSDs above 25 Hz
and integrated to obtain the cumulative distribution functions
(CDFs). As shown in Fig. 8(b), the median strain sensitivity for
a 10-km FUT is 8.9 pg/+/Hz. With increasing sensing distance,
more far-end channels with higher noise accumulation are
included, which reduces sensitivity. The median values are
26.3, 57.5, and 72.4 pg/+/Hz at 25, 50, and 70 km, respectively.
The equivalent strain resolutions, defined as the 99% full width
of the CDF, are 35.9, 124.4, 346.7, and 732.8 pg/4/Hz for the
four tested configurations. The results validate the proposed
DAS system’s capability to deliver submeter spatial resolution
up to 25 km while maintaining reliable strain sensitivity at
longer sensing ranges.
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(a) 0.01 Hz and (b) its PSD and the 95% CI of background noise.
(c) Time—frequency graph of the sweeping frequency waveform recovered.
(CI: confidence interval).

Finally, the long-term monitoring capability of our DAS
system was examined. By maintaining a pulse repetition
frequency of 10 kHz/s to minimize the noise power density of
the DAS data stream [7], the demonstration system recorded
data over 1000 s, with a PZT placed at 8400 m driven
at 0.01 Hz. The excitation was generated by a
piezoelectric ceramic PZT drive controller module
(KDT350AMPDIFF-003) and applied to a tube-type PZT
with the sensing fiber tightly wound around it to introduce
sinusoidal strain modulation. In Fig. 9(a), a 0.01-Hz sinusoidal
signal was correctly restored. For PSD analysis, a quiet region
near the PZT was used, and the 95% confidence interval (CI)
of background noise was taken as the reference. As shown in
Fig. 9(b), the PSD of the 10-mHz time-domain signal, over a
broad bandwidth ranging from 0.001 to 5000 Hz, exhibits a
high SNR of nearly 48 dB at 0.01 Hz. Besides, an acoustic
wave whose frequency swept from 1 to 4900 Hz and a period
of 100 s was generated by PZT. Fig. 9(c) illustrates the
time—frequency variation diagram of two complete frequency
sweep cycles, where the frequency components at different
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TABLE 1
KEY PERFORMANCE METRICS OF THE DAS SYSTEM
Sample Sensing Spatial Frequency Noise Sensitivity Sensitivity NN
Method spacing range resolution response range evaluation band (CDF at 50%) (CDF at 99%) Organization
Conventional 3m@ 30 km N Silixa Ltd.
®-OTDR [42] 25 cm 50 km 30 m @ 50 km 1 mHz ~ 50 kHz @ 1 kHz 272 prad/\NHz - (iDAS™)
®-OTDR
using dual-soliton - 72 km 5m 5Hz ~ 5kHz >500 Hz 20.8 urad/\/Hz @ 10 km - UESTC
microcombs [43]
TGD-OFDR [44] 20 em 120 km Im@ 80km 0.1 Hz~ 10 kHz . 181 prad NHz @ 20 km - Neubrex Co., Ltd.
(NBX-S4100)
Chirped-pulse 3 10 km 10 >50 Hz 134 prad/\VHz 193 prad:VHz* ASN Ltd.
®-OTDR [45] om 100 km m 10 ~238 Hz 4.5 mrad/NHz - (OptoDAS)
Chirped-pulse
®-OTDR - 50 km 424m - - . 146 mrad/VHz SITU
with PNC [46]
Chirped-pulse 10 km 0.9m 72.5 prad/NHz 292 prad/NHz
®-OTDR 3.125cm 25 km 0.9m 0.01 Hz~ 5 kHz >25Hz 214.5 prad iz L0 mrad/Hz This work
ith OS-PFFT 50 km 1.75m 911.5 prad/VHz 5.5 mrad/VHz
Wit D5 70 km 25m 1.6 mrad/Hz 16.6 mrad/NHz
* Value reported at 90% CDF (others at 99% CDF).
moments can be accurately detected Wlth a harmonic 1/f-like noise acoustic/mechanical noise white-noise-limited floor
9
suppression ratio exceeding 40 dB. The subtle signal in 107 =g e e e B
. . . a 0g-domain
Fig. 9(c) corresponds to the secondary harmonics induced 5 10° 3| ==~ slope=-05
. . . e e BT e | =8 | slope =+ 0.5
by PZT vibrations, which follow the same linear trend and = o i
periodicity. Then, a 10-h continuous monitoring test was g
. < 107
conducted on a 160-m fiber section (8390-8560 m) to assess
oge . e . .. 12
system stability under realistic environmental conditions. The 10
. . . 5 -4 -3 -2 -1 0 1 2 3 -4 -2 0 2 4
results, shown in Fig. 10, fully characterize the system’s A o oo
. . R requency (Hz) 7(s)
detection capability across the entire frequency range.
In Fig. 10(a), the system achieves an ASD of 1 ug/4/Hz at Fig. 10. Ten-hour stability characterization of the DAS system over

1 mHz and falls below 10 pe/4/Hz in the high-frequency
region. The low-frequency rise exhibits a 1/f-like
characteristic. As widely reported in recent literature [11],
[41], such spectral behavior in the subhertz regime is highly
consistent with the phase noise induced by laser-frequency
drift and ambient temperature fluctuations, which poses a
persistent limitation for ultralow-frequency detection in DAS
systems. The excess noise observed in the 10-500-Hz band
is likely dominated by environmental acoustic/mechanical
disturbances in the laboratory, such as door openings, air
conditioning, and fan operating sounds. At higher frequencies,
the ASD approaches a white-noise-limited floor. The Allan
deviation in Fig. 10(b) shows an approximately —0.5 slope
in the short-r region, which is consistent with white phase
noise. Importantly, no slope of —1 is observed, indicating
that quantization noise is not the dominant limitation of
the present system. The upward trend at longer 7, with a
slope approaching + 0.5, reflects slow environmental drift
and low-frequency fluctuations accumulated overextended
averaging times. In addition, the system can sustain real-time
demodulation overextended periods without compromising
frequency response bandwidth. Longer recordings require
only increased disk storage, avoiding issues such as data
overflow or memory limitations.

To place our results in context, Table I compares representa-
tive DAS implementations with the proposed system in terms
of sensing range, spatial resolution, frequency response, and
sensitivity (cdf at 50% and 99%, respectively). For consistency
of presentation, the sensitivity values in Table I are reported
in rad/4/Hz. When the original sources provide strain
sensitivity in pe/4/Hz, the values are converted to equivalent

640 time-series samples. (a) Mean background strain ASD, with representative
dominant noise regimes annotated. (b) Allan deviation versus averaging
time 7, with reference slopes of —0.5 and + 0.5 shown for comparison.
(Shaded: 30 interval).

phase sensitivity using the reported spatial resolution and
the coefficient K = 110.37 ne-m/rad [47]. The resulting
values are intended for contextual comparison and should
be interpreted under the reported evaluation conditions of
the respective references. At 10 km, under the respective
reported conditions, our system achieves higher sensitivity
than the commercial OptoDAS [45] but remains slightly below
the dual-soliton microcomb-based DAS [43]. At 25 km,
with a noise evaluation band above 25 Hz, the system
maintains submeter resolution and achieves a sensitivity of
214.5 prad/+/Hz, demonstrating competitive performance at
this distance. At 50 km, the reported 50% cdf sensitivity
is comparable to that in [46] under a similar NKT E15
laser condition, whereas [46] reports a better 99% cdf result
in conjunction with phase—noise compensation. At longer
sensing distances, finer spatial resolution is reported for the
NBX-S4100 [44], and lower sensitivity values are reported
for the OptoDAS [45]. These differences should be interpreted
together with differences in fiber type and averaging configu-
ration. For example, the present implementation uses standard
SMF and a sliding window constrained to the gauge length,
whereas the OptoDAS result is reported with a 200-m sliding-
average window that substantially exceeds the gauge length.
In terms of ultralow-frequency detection, iDAS-MG' [42]
reports operation down to 0.001 Hz, whereas our system

ITrademarked.
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demonstrates detection at 0.01 Hz. Table I provides a
contextual comparison between the proposed system and
representative DAS implementations under their respective
reported conditions. The experimental results above demon-
strate the practical capability of the OS-PFFT-based real-time
approach for DAS sensing. The system supports operation
from the sub-Hz range (geohazard monitoring [48]) to the kHz
range (pipeline leakage detection, 1-2 kHz [1], [49]), making
it highly versatile across diverse applications. Its ability to
detect both high-frequency features and ultralow-frequency
signals demonstrates its broad operational bandwidth, a key
advantage for real-time, long-distance monitoring.

V. CONCLUSION

In this article, a real-time FPGA digital signal processing
scheme based on the OS-PFFT pulse compression technique
was presented and validated. This approach significantly
enhances data throughput to meet the compression require-
ments at a sampling rate of 3.2 GSa/s, decoupling the length
of the FUT from the computational burden. Proof-of-concept
experiments verified a spatial resolution of 0.9 m up to 25 km
with a sensitivity of 214.5 urad/+/Hz while achieving spatial
resolutions of 1.75 m at 50 km and 2.5 m at 70 km. In addition,
a 10-mHz low-frequency signal was successfully recovered
with an SNR of approximately 48 dB, and the system sta-
bility was validated by continuous operation for 10 h at a
0.1-ms refresh rate. Moreover, the proposed OS-PFFT-based
scheme can be combined with silicon-photonic interroga-
tors for DAS, such as the integrated interrogator in [50],
potentially enabling monolithic modulation—demodulation on
a hybrid photonic—electronic platform. Overall, this work holds
broad application prospects. For example, in oil well extrac-
tion, it measures low-frequency signals from slow geological
structural changes and high-frequency sounds from fluid tur-
bulence. In mountain structural monitoring, it enables early
landslide detection and monitors forest flora/fauna activities,
highlighting its versatility across real-world applications.
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