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Accurate localization of methane leaks is important for environmental monitoring and safety. However, existing
concentration measurement methods often cannot provide both high precision and distance information at the same time.
This study proposes and experimentally tests a triangulation method that uses a supercontinuum light source and the plume’s
boundary features. The method leverages methane absorption in the 1630—1700 nm band, detects quick absorption changes
at the plume edge, and uses triangulation geometry to find the leak source. On the same test platform, we compared
this method with baseline triangulation and scanning-ranging techniques. The boundary-feature triangulation kept the
measurement error between +0.1 cm and +1.0 cm, with an average error of about 0.41 cm, much better than the baseline
method (average: 1.49 cm) and scanning method (some points up to 1.7 cm). The method shows fast response, good
linearity, and concentrated errors, making it suitable for quick and reliable on-site methane leak localization and monitoring.

Keywords: supercontinuum laser, methane detection, triangulation ranging

PACS: 42.79.Qx, 07.07.Df, 42.68. Wt
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1. Introduction

Methane (CHy) is one of the largest greenhouse gases
and plays a key role in driving climate warming and ex-
treme weather. Although many countries have stepped up
source control and emission reduction efforts in recent years
and human-caused emissions have slowed, natural variabil-
ity from wetlands and leaks during fossil fuel production re-
mains highly uncertain.!'=3! Field studies of US oil and gas
systems estimate annual CH4 emissions at 13 +2 Tg, roughly
2.3% of that year’s natural gas production, an estimate nearly
60% higher than official US Environmental Protection Agency
figures, suggesting that traditional accounting methods may
underestimate true emissions.[*! CH4 not only poses signifi-
cant threats to global climate change but also presents poten-
tial risks to industrial safety and public health.’! Therefore,
developing efficient and precise methane leak detection tech-
nologies is of paramount importance.

Owing to its advantages of non-contact and long-range
detection, remote sensing technology has become a research
hotspot in the field of CH4 leak detection and monitor-
ing. These technologies can penetrate complex environmen-
tal obstacles, enabling rapid scanning across extensive ar-
eas, thereby enhancing the efficiency and coverage of leak
detection.[®! Remote sensing techniques for CHy4 detection can
be divided into two main categories: passive and active. Pas-
sive methods (such as hyperspectral and thermal imaging) rely
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on ambient radiation and are well suited for wide-area surveys
from satellites, aircraft, or drones. They offer large spatial cov-
erage but are sensitive to weak absorptions and background
interference, which limits their quantitative accuracy.!”-8! By
contrast, active methods use an emitted light source, and com-
mon examples are lidar approaches (DIAL, imaging lidar,
and scanning lidar). The lidar approaches are instrumen-
tal in detecting and profiling CHy plumes. Overall, active
methods offer advantages in sensitivity and temporal resolu-
tion but at the cost of greater system complexity, higher ex-
pense, and increased sensitivity to aerosols and visibility.[*~!1]
Passive methods trade lower sensitivity for easier deployment
and wider coverage. Therefore, designing an operational CHy
monitoring strategy requires a balanced choice among cover-
age, sensitivity, timeliness, and engineering feasibility. %)

As a subset of active methods, laser-based remote sens-
ing shows promise for CHy leak detection because it com-
bines fast response, flexible field deployment, and relative ro-
bustness to environmental factors.!!?! Recent studies have ad-
vanced concentration measurement performance. Duan et al.
combined a 1654 nm distributed-feedback laser with a mul-
tichannel gas cell and used a mix of first-order modulation
and second-harmonic normalization to push the detection limit
down to 0.32 ppm while keeping the response time at around
1 5.1'41 Ma et al. developed a fiber-optic multipoint sensor that

detects CHy on-site in real time with a fast response. It of-
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fers multipoint coverage, high stability, and easy deployment
and scalability.['>] Zheng er al. proposed a compact dual-
gas sensor that combines OA-ICOS with frequency-division-
multiplexed WMS to simultaneously measure CoH, and CHyg,
achieving sub-ppm sensitivity and low noise.!'®) Wang et al.
developed a portable noncooperative-path remote sensing sys-
tem that reconstructs CHy vertical concentration profiles from
path-integrated measurements. Its path sensitivity reached
3.59 ppm-m, broadening scenarios where quantitative remote
sensing can be applied.!!”) Although these studies have made
concentration measurement mature, they still lack distance lo-
calization capability. Without distance detection, it is difficult
to pinpoint the exact location of CH4. To precisely pinpoint
leak sources in complex environments, further work on rang-
ing methods is needed.

Laser ranging techniques can be grouped into three
methods: time-of-flight (TOF), phase-difference (PD), and
triangulation-based (TB) methods. The TOF method calcu-
lates distance from the round-trip time of laser pulses.[!®! It
works well for kilometer-scale ranges but imposes very high
demands on pulse width and the receiver’s time resolution;
tiny timing errors can cause meter-level distance errors. The
PD method compares the phase of a continuously modulated
sine-wave signal between emission and return to achieve sub-
millimeter precision.!'”) However, its maximum range is lim-
ited by phase wrapping; therefore, there is a trade-off between
accuracy and measurable distance. The TB method takes a dif-
ferent approach; if the baseline between emitter and receiver
is known, measuring the outgoing and incoming angles forms
a spatial triangle, and simple trigonometry gives the range.
This method has a simpler hardware setup and fast response,
making it well suited for short-range to mid-range handheld or
embedded systems. In real-world applications, all three meth-
ods face physical limits (insufficient source brightness, limited
output power, and beam divergence), which together restrict
achievable ranging accuracy.

Supercontinuum (SC) lasers can produce a continuous,
high-brightness, high-power spectrum with very small beam
divergence across hundreds to thousands of nanometers. This
wide spectral coverage makes them well suited for monitoring
multiple greenhouse gases at once and for measuring species

20.21] Eglami ef

concentrations in complex multiphase flows.!
al. paired a high-repetition-rate mid-infrared supercontinuum
with a 30 m multipass cell and synchronous demodulation,
achieving methane sensitivity of tens of ppbv per root Hertz
and about a fivefold improvement over baseband detection. [>!
Adamu et al. focused on the 1480-1700 nm band and demon-
strated fast responses to industrial gases, such as ammonia
and CHy. They showed that the source had good selectivity
and long-term stability in online operation.?3] Moving into the

mid-infrared, Bizot et al. used a thulium-pumped SC source to

perform all-fiber absorption spectroscopy near 7.7 pm absorp-
tion peak and pushed the detection limit down to 20 ppm. 24
Blume and Wagner built a broadband supercontinuum ab-
sorption spectrometer for combustion diagnostics and reported
methane measurements consistent with reference methods. >
Because SC lasers cover multiple CHy4 absorption bands, they
also open new possibilities for multi-wavelength, simultane-
ous ranging and concentration measurements.

To address the challenge of locating CH4 leaks and meet-
ing ranging requirements, this study proposes a boundary-
feature triangulation (BFT) method based on the edge features
of CHy plumes. It uses an SC laser to capture the momentary
change in absorption at the plume edge and combines these
measurements with geometric algorithms. To assess feasibil-
ity, this study evaluated this approach on the same experimen-
tal platform with two classic methods: baseline triangulation
(BT), which relies on a fixed baseline and known emitter—
receiver geometry, and scanning ranging (SR), which adds ac-
tive multi-angle scanning to expand coverage. Both were also
implemented with the SC laser for CHy leak ranging. Using
the unified testbed, we ran repeated trials on simulated leak
targets at different distances and performed a systematic com-
parison of the three methods in terms of measurement accu-
racy and stability, providing solid experimental data to select
the best ranging scheme.

2. Program design
2.1. CH4 absorption spectrum

Line-by-line HITRAN simulations were performed for
CHy, H,0, and CO», and the spectra were compared. The sim-
ulations indicate that methane exhibits significant absorption
peaks in both the near-infrared (NIR) and mid-infrared (MIR)
regions. The intensity of the main absorption peak in the NIR
region was approximately 1.5, whereas it was around 40 in
the MIR region. Although MIR transitions are stronger and
enable ultralow detection limits, MIR supercontinuum needs
complex pumping, specialty nonlinear fibers, and cooled de-
tectors. It is costly and prone to optical saturation over a typi-
cal path. In contrast, NIR supercontinuum uses mature pump
lasers and robust silica fibers with inexpensive InGaAs detec-
tors, delivers higher output power and beam quality, and is
far less prone to saturation, making it more suitable for longer
path detection. It is substantially cheaper and more reliable for
field deployment.

As shown in Fig. 1, the NIR region was analyzed. The
simulations were carried out under the following standard ex-
perimental conditions: 7 =296 K and p = 1 atm, with back-
ground concentrations H,O ~ 1.0% (volume mixing ratio) and
CO; ~ 420 ppm, and CH4 concentration ~ 1.0%. One band
lies between 1300 nm and 1700 nm. Inside that, the 1630—
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1700 nm region is notable; a dense, strong absorption clus-
ter near 1650 nm stands out. Its lines are well organized,
the band width is moderate, and it has little interference from
other gases, which makes it ideal for extracting weak signals.
Under the path length and high-concentration injection condi-
tions, CH4 dominates the measured absorption, whereas H,O
and CO; produce only minor overlaps. Thus, the principal
spectral features in the measurements are attributable to CHy.
By contrast, the 1300-1450 nm region is broader but much
sparser. The integrated absorption of its main peaks is only
about 10%-30% of the strength of the 1650 nm peaks. The
weaker scattered peaks in this range often have long wings or
overlap with each other, making peak analysis harder. This
band is also more affected by other gases; therefore, the back-
ground noise level is higher and the useful signal is effectively
reduced in real measurements.

1.6
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Fig. 1. CHj absorption spectrum simulated using HITRAN under
standard experimental conditions (7 = 296 K and p = 1 atm) with
background concentrations HO ~ 1.0% (volume mixing ratio) and
CO; ~ 420 ppm. CHy concentration ~ 1.0%.
The 1630-1700 nm band meets the theoretical needs for
high-precision ranging and offers clear engineering advan-
tages, making it the core choice for CHy leak distance detec-

tion in this study.

2.2. Boundary-feature triangulation method
2.2.1. Experimental systems and devices

In the experiment, a supercontinuum laser (Precilasers;
20P011231) was chosen as the light source. This laser emits a
high-brightness, very low-noise continuous spectrum. Table 1
lists the supercontinuum laser parameters. The laser spec-
trum (450-2400 nm) fully covers the 1630-1700 nm detec-
tion band. Simultaneous multiline capture enables multiline
retrieval and a redundancy-based triggering scheme, which
improves measurement stability and reliability under complex
The spectrometer (YOKOGAWA;
AQG6375) used here has a minimum detectable pulse width

atmospheric conditions.

of 50 ps and therefore cannot resolve the pulse-level spectral
lines of the supercontinuum. Therefore, the measured spec-
trum is consequently the superposition of many components
and appears continuous rather than as discrete narrow lines.

Table 1. Parameters of the supercontinuum laser.

Parameter Data

Pulse width 10 ps

Pulse repetition frequency 4.88 MHz
Spectral coverage range 450-2400 nm
Maximum output power 1.1W
Maximum single-pulse energy 225n]
Divergence angle < 2 mrad
Power stability <1%

(a) Optical Gasbag Mirror

stage

Armoured

SC laser Fibers

Sliding platform

Transmitter Reflector
PC Spectrum Filter
analyzer
Receiver

(b)

Fig. 2. (a) System diagram of the BFT method. (b) Physical setup:
(1) flat mirror, (2) spectrometer, (3) gas bag, (4) sliding rail, (5) optical
filter, (6) objective lens, (7) armored optical fiber, (8) beam collimator,
(9) supercontinuum laser, and (10) six-dimension adjustment mount.

Figure 2 shows the schematic of the BFT system, which
is made up of three linked parts: a transmitter, a reflector,
and a receiver. The transmitter uses the supercontinuum laser.
The output is repeatedly aligned using an adjustable beam
collimator (Bocic; OM311) and a six-dimension adjustment
mount (Daheng Optic; GCM 930602M) to produce a paral-
lel, speckle-free continuous spectrum in the near-infrared. The
CHy sample module sits at the center of the test platform on
a horizontal sliding rail with a scale. A 5 L gas bag contain-
ing 99% pure CHy (30 cmx35 cm) is mounted on the rail;
its horizontal position can be read directly from the scale, al-
In the
experiments, CHy gas bags were used to generate controlled

lowing millimeter-level control of the bag location.

and clearly observable absorption signals, simulating leakage
conditions for experimental platform validation. At the far
right, the reflector module uses a high-reflectivity flat mirror
(Union Optic; MAGO125) to stably direct the beam that passes
through the sample toward the receiver. The receiver first re-
moves stray light with an optical filter (NMOT; BP-1653nm)
mounted on a mirror mount (GU Optics; OM206B). An objec-
tive lens focuses the beam into an armored optical fiber (XiN-
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RAY; SIH600/660-22A), which delivers the light to a high-
resolution spectrometer for real-time spectral acquisition. The
three modules operate together as a closed loop from emis-
sion to detection, forming a highly linear channel capable of
high-precision ranging. On the same experimental platform
and using identical hardware, two ranging methods (BT and
SR methods) were used for target localization. The deviations
between the measured and true distances were compared to
highlight the differences in their accuracy and stability.

2.2.2. Principle of the experiment

Unlike static ranging methods, the BFT method uses a
fixed triangular setup formed by a laser beam and a mirror. It
dynamically captures subtle changes in the edge contour of a
moving gas bag and calculates the precise position of the target
in motion through trigonometric geometry.

The specific principle is illustrated in Fig. 3. In the sys-
tem, the laser emitter (L), mirror (M), and receiver (S) form
a fixed triangular measurement frame, denoted as LMS. The
angle between the emitted laser path and reflected path is 6,
and the baseline distance between the mirror and laser (LM) is
d. When a CH4 gas bag moves through this area at a speed v,
its trajectory forms an angle ¢ with the emitted laser axis. The
moving gas bag intersects both the emitted and reflected laser
paths at two points (A and B). Using the known values of d, 0,
and ¢, the distances from the laser to the edges of the gas bag
(La and Lp) can be instantly calculated through trigonometric
relations. Reference distances Lpg and Lo were obtained by
direct measurement using a calibrated ruler with a stated reso-
lution of 0.5 mm. Consequently, we adopted an uncertainty of
+0.5 mm for these baseline distances. The angle ¢ (defined
between the emitted beam and the horizontal sliding guide be-
neath the gas bag) was determined with a handheld protrac-
tor. A conservative reading uncertainty of +1° was assumed
to account for alignment and readout errors. These instrument
uncertainties were propagated through trigonometric relations
used to calculate the path lengths Ls and Lg and yield uncer-
tainty bounds for the edge positions. This method preserves
the geometric rigor of baseline triangulation while also en-
abling millisecond response and millimeter resolution through
continuous contour tracking, significantly enhancing position-
ing robustness and accuracy for dynamic leakage monitoring.

S

Fig. 3. Principle diagram of the BFT method.

When the target moves at an angle ¢ relative to the emis-
sion direction, the expression for the distance Ly is
VoAt -cos @ - (tan ¢ — tan 6)

Lpn=d+ an® . @8

The distance Lp is given by

L = {(COS(P'V0A1+LA)2+ [tane' <cos<p~v0At

+v0At~COS(p~(tan(ptanG))r}%' @

tan O

As shown in Fig. 4, a classic BT system consists of three key
components: emitter (A), reflector (P), and receiver (B). The
baseline length Lap remains constant after calibration. A laser
is emitted at a known angle &, and when it hits the target,
scattered or diffused light is produced. The receiver captures
this returning signal and measures the angle 3 between the re-
flected light and the baseline. Using the known values of Lag,
o, and B, the precise distance between the target and the emit-
ter (or receiver) can be quickly and reliably calculated using
the sine rule.

Las 1

Fig. 4. Schematic diagram of the BT method.

In the SR method illustrated in Fig. 5, the laser is not
fixed at one location. Instead, it moves sequentially to three
predefined points (A, B, and C) in space. At each point, the
emission angle is adjusted to 65, O, and ¢, respectively. Af-
ter each emission, the system records the reflected signal and
the corresponding emission angle. Finally, a least-squares fit-
ting algorithm is used to combine these angle measurements
and determine the optimal intersection point, thereby estimat-
ing the target’s position.

YYY
w

Oc 1
dy

Leae=="2 dq

Fig. 5. Schematic diagram of the SR method.

094203-4



Chin. Phys. B 35, 094203 (2026)

2.2.3. Experimental process

During the experiment, a CHy gas bag was moved at a
controlled speed along a pre-calibrated laser path. As it passed
through the laser beam, a high-resolution near-infrared spec-
trometer continuously collected transmission data. This made
it possible to clearly observe changes in absorption character-
istics as the gas bag entered and exited the light path. The
entire process can be divided into two distinct stages: baseline
and triggered states.

Triggering was determined by manual visual inspection.
During the experiment, the operator monitored the spectrom-
eter display in real time while simultaneously visually ob-
serving and recording the gas-bag position. When a pro-
nounced absorption peak emerged from the stable baseline and
the timing of that spectral change coincided with the visually
confirmed moment at which the gas-bag edge intersected the
beam, the condition was designated as the triggered state, and
the corresponding horizontal sliding rail reading was recorded.
This operator-based criterion therefore provided an unambigu-
ous temporal marker linking the spectral features to the physi-
cal position of the gas bag and ensured precise synchronization
between spectral and motion data.

1.5 T
— Original spectra
12 — Fitted spectra
8
n ©
‘4:‘7 i
E | !
5 1.0 ]
4 o3
5 —~< 0
~ 5T © -
> E N o 0
3 S\ g 8 s 3
g 0597 3 N = o
() — ] © 0
- ' — o
E R
0

1640 1650 1660 1670 1680 1690
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Fig. 6. Original absorption spectra and fitted spectra by multi-peak
Lorentzian fit in the 1630-1700 nm range. The detected peak has been
flagged.

In the baseline state, the spectrometer captures only the
system’s own response. The spectral curve shows no signifi-
cant absorption features in the 1630—1700 nm range, confirm-
ing the absence of CHy interference. Once triggered, the edge
of the gas bag gradually moves into the laser path. Some of the
transmitted light is selectively absorbed by CH4 molecules,
causing distinct absorption peaks to appear in the character-
istic wavelength band. To identify and track the CH4 ab-
sorption features, we performed a multi-peak Lorentzian fit
in Origin. Initial parameter estimates for the fit were assigned
from the original spectra. As shown in Fig. 6, the fitted posi-
tions indicate a strongest feature at approximately 1665.75 nm,
with additional moderate peaks near 1638.12 nm, 1640.40 nm,
1650.26 nm, 1662.15 nm, 1679.68 nm, and 1689.96 nm. The
amplitudes of these peaks vary systematically as the gas bag

moves through the beam, reflecting changes in the optical path
overlap between the plume and laser. By monitoring the peaks
in real time and combining them with the known geometric
parameters of the system, the spatial movement of the edge
of the gas bag can be accurately reconstructed. The use of
multiple identifiable lines provides redundancy and improves
robustness against local spectral interference.

Table 2 summarizes the readings from the BFT method
when the CH4 gas bag passed through point A (on the incident
beam) and point B (on the reflected beam) on the calibrated
sliding platform, along with the straight-line distance AB be-
tween these points. The table also includes the fixed base-
line distance d between the laser emitter and mirror, which
plays a key role in the subsequent distance calculation based
on trigonometric functions.

The speed v of the gas bag often fluctuates slightly during
movement owing to friction and platform inertia; therefore,
using time intervals At directly may lead to inconsistency. In-
stead, we used linear displacement Ax (i.e., AB) between the
two points as a substitute for VAr to simplify data acquisition.
By combining the measured Ax with the known field angle 6
(15°) and baseline length d, the instantaneous distances L and
Lp can be quickly calculated. This approach reduces the de-
pendency on highly precise time measurements under strictly
constant speed and makes subsequent data processing more
efficient and reproducible.

Table 2. Measurement parameters of the BFT method..

Measurement A location B location Ax Distance d

number (mm) (mm) (mm) (cm)
1 130 320 190 130

2 129 301 172 130

3 129 288 159 130

4 130 275 145 130

5 130 262 132 130

6 125 270 145 140

7 126 272 146 145

8 127 274 147 150

9 124 271 147 155

10 128 272 144 160

2.3. Results

Table 3 presents the detailed results and error statistics
from ten dynamic experiments using the BFT method to mea-
sure CHy4 gas bag. In each experiment, the system recorded
the difference between the measured distance from the laser
source to point A (La) and the actual reference distance (Ly),
denoted as ALy = La; — La. Similarly, the difference for point
B, ALg = Lp| — Lg, was also obtained. Repeated measure-
ments show that ALp ranged from —0.9 cm to +1.2 cm, with
amean error of +0.15 cm and a standard deviation of 0.48 cm.
Most deviations fell within 1.0 cm. For ALg, the values varied
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from +0.1 cm to +1.0 cm, with a mean error of +0.42 cm and
a standard deviation of 0.27 cm. Most measurement errors did
not exceed +0.8 cm.

Based on the above error analysis, the system maintains
millimeter-level accuracy even under dynamic conditions. The
errors are tightly clustered, and performance is highly consis-
tent, fully meeting the dual requirements of high precision and
reliability for CH4 leakage monitoring.

Table 3. Distance measurement and error analysis of the BFT method.

Table 4. Measurement results of the BT and SR methods.

Measurement do (cm) di (cm) Ad (cm) xp (cm) xj (cm) Ax (cm)
number

1 60 60.8 0.8 60 59.7 -0.3
2 65 65.6 0.6 65 66.2 1.2
3 70 71.0 1.0 70 70.8 0.8
4 75 77.1 2.1 75 75.8 0.8
5 80 80.5 0.5 80 80.9 0.9
6 85 87.9 2.9 85 86.2 1.2
7 90 92.1 2.1 90 91.7 1.7
8 95 96.6 1.6 95 95.1 0.1
9 100 101.5 1.5 100 101.3 1.3
10 105 106.8 1.8 105 103.6 -14

Measurement
number Lao (ecm) Lay (cm) ALA (cm) Lo (cm) Lg; (cm) ALg (cm)
1 60 59.1 -0.9 62 62.1 0.1
2 65 65.8 0.8 67 68.0 1.0
3 70 70.7 0.7 72 72.5 0.5
4 75 75.9 0.9 77 71.3 0.3
5 80 80.7 0.7 81 81.8 0.8
6 85 85.9 0.9 87 87.1 0.1
7 90 90.5 0.5 91 91.7 0.7
8 95 95.1 0.1 96 96.2 0.2
9 100 100.1 0.1 101 101.2 0.2
10 105 106.2 1.2 107 107.2 0.2

In this study, the measured and true values for both the
BT and SR methods were strictly defined and compared. For
the baseline method, the true distance is denoted as dp and
the measured distance as d;, with the error calculated as
Ad = d| — dy. For the scanning method, the true value is xg
and the measured value is x;, with error Ax = x; — x.

Table 4 shows the error distributions of both methods
In the BT method, Ad values
ranged from as low as 0.5 cm to as high as 2.9 cm, with

across multiple test points.

most errors falling between 0.6 cm and 2.1 cm. This sug-
gests that the system may occasionally produce larger devi-
ations under certain angle configurations. In contrast, the
SR method demonstrated more stable performance: Ax var-
ied from —1.4 cm to +1.7 cm, with most errors concentrated
between —0.3 cm and +1.3 cm. This resulted in a smaller

overall negative bias and tighter error distribution.

BT method

SR method

By presenting the distance parameters, actual measure-
ment results, and errors of the three ranging methods (BT, SR,
and BFT) side by side, a direct and clear performance compar-
ison can be made for CH4 distance measurement tasks.

As shown in Fig. 7, the blue dotted line in the upper sec-
tion indicates the preset reference values. In both BT and SR
methods, the target distances increased from 60 cm to 105 cm
in 5 cm increments. For BFT, point B increased from 62 cm
to 107 cm, also at 5 cm intervals. The orange line tracks
the actual measurements under the same experimental condi-
tions. The BT method produced values ranging from 60.8 cm,
65.6 cm, and up to 106.8 cm. The SR method yielded the fol-
lowing results: 59.7 cm, 66.2 cm, and up to 103.6 cm. The
BFT method recorded Lg values from 62.1 cm to 107.2 cm.
The lower section uses yellow bars to show the error values,
defined as the difference between the measured and reference
values, and a green line connects these points to illustrate the
variation in error across different measurement positions.

By comparing the three methods under the same exper-
imental conditions, their error characteristics become clearly
visible. The BT method shows the largest and most irregular
fluctuations in error. Although the SR method exhibits smaller
errors at most positions, it still occasionally produces negative
deviations, and some points show relatively large positive er-
rors. In contrast, the BFT method consistently keeps errors
within £1.0 cm at point B, demonstrating the most concen-
trated and stable performance.

BFT method

|—o— The actual value of d
The measured value of d

1 () (b)
90 1

-
—
[}

—
(=)
(=)

Distance (cm)

70 A
0// Ve

—o— The actual value of =
The measured value of z g
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80 1 ’
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—o— The actual value of Ly
The measured value of LB/«

A7 ||©

2t
1 2 3 4 5 6 7 8 910
Measurement number

T
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=

12345678 910
Measurement number

12345678 910
Measurement number

Fig. 7. Measured d values and deviation plot for (a) the BT method, (b) the SR method, and (c) the BFT method.
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This comparison clearly demonstrates the strength of the
BFT method in ensuring both measurement stability and po-
sitioning accuracy in dynamic ranging scenarios, providing
strong support for real-time CH,4 leakage monitoring.

The measurement errors of the three key parameters (d,
x, and Lg) from the three sets of experiments are presented
together using a combined point-line graph (see Fig. 8). This
visualization clearly shows the differences in positioning ac-
curacy among the methods and facilitates observation of how
accuracy evolves throughout the measurement process.

—@- BT method

-@ SR method
31 —o- BFT method o

Measurement number

Fig. 8. Comparative error plots for the three experimental methods.

In the BT method (Fig. 9), the errors in measuring dis-
tance d are widely scattered, with a maximum deviation of
up to 2.9 cm and an average error of about 1.49 cm. Multi-
ple datasets indicate clear stability shortcomings in their basic
positioning mechanism. This suggests that relying solely on
BT may not meet high-precision measurement requirements
in complex environments.

2:9(Max) [ 1BT method
[ 1SR method
2 L 4 [ 1BFT method
¢ e —+1.7(Max)
g — > * 1(M
\a 1 ¢ 0.63(MEANY (Mex)
= ** 0.5(Min) 9 0.41(MEAN)
§ 0- sty 0.1(Min)
2
—14
¢ --—1.4(Min)
_2 T T T
d T Lp

Distance parameter

Fig. 9. Error ranges and mean values of the three experimental methods.

With the SR method, although most errors are controlled
within 1.5 cm across multiple points, a few measurements still
deviate up to 1.7 cm. Moreover, the error tends to increase
nonlinearly with distance. This occurs because minor angle
adjustments are magnified over longer distances, leading to

more significant positioning inaccuracies. Thus, as the target
moves farther away, angle control becomes increasingly criti-
cal for maintaining accuracy.

Notably, the error distributions for Lg in the BFT method
are highly concentrated. All data points fall within a narrow
range of 0.1-1 cm, with the average error firmly kept within
+0.5 cm. The maximum error does not exceed 1 cm, and
deviations are tightly clustered with the smallest fluctuations,
demonstrating the highest positioning accuracy. These results
confirm the effectiveness of the improved ranging approach.

3. Discussion

The boundary-feature triangulation (BFT) method offers
three practical advantages: fast single-shot broadband acqui-
sition that captures multiple CH4 lines simultaneously, redun-
dancy across lines that increases robustness to local spectral
interference, and a simple geometric triangulation step that
converts temporal edge triggers into direct range estimates for
moving plume boundaries. These strengths make BFT partic-
ularly suitable for rapid localization of transient leaks. At the
same time, important limitations must be considered. The lab-
oratory spectrometer used here is large and not easy to deploy
in the field, and its finite spectral resolution makes it difficult
to fully separate adjacent or overlapping absorption lines, in-
creasing interference from atmospheric species, such as water
vapor and carbon dioxide. Deformation of the moving gas bag
causes blurring of the plume edge. Variability in temperature
and humidity alters line strength and baseline.

To address these issues, we will adopt compact fiber-
coupled spectrometers with dedicated high-resolution chan-
nels, replace or calibrate the gas bag with stiffer or controlled-
release boundary sources and record high-speed imaging
plus three-dimensional anemometry, and apply temperature—
pressure—humidity (7—P—-H)-conditioned lookup table correc-
tions convolved with the instrument line shape and a formal
uncertainty budget. Collectively, these measures are expected
to reduce spectral bias, tighten trigger timing, and enhance the
quantitative reliability of BFT localization in field conditions.

4. Conclusion

This study addresses the need for CH4 leak distance mea-
surement by introducing a BFT method based on plume edge
detection, with BT and SR included as comparative methods.
Using the same experimental platform, a rigorous compari-
son was conducted to evaluate the performance of the three
methods in terms of accuracy and stability. In contrast, the
BFT method combines laser scanning of the gas bag edge with
variations in CH4 absorption peaks, integrating the data into a
geometric model. The experimental results show errors for L
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between +0.1 cm and +1.0 cm. The method not only demon-
strates excellent linear response but also maintains very low
absolute error.

The limitations of the BFT method include bulky spec-
trometers, limited spectral resolution, gas bag deformation,
and T—P-H variability. To address these, we will deploy com-
pact spectrometers, rigid boundary sources, high-speed imag-
ing, 3D anemometry, and T—P-H-conditioned corrections.
These measures are expected to reduce spectral bias, improve
trigger timing, and enhance the reliability of BFT localization
in the field.

Overall, the optimized BFT method significantly en-
hances both measurement accuracy and stability, maintaining
system-wide errors within a narrow interval and yielding the
lowest mean error. Its consistency and suppression of fluctua-
tion outperform those of the baseline and scanning methods,
providing reliable data support for rapid detection and pre-
cise localization of CHy4 leaks in complex atmospheric envi-
ronments.
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