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Abstract: Accurate ranging and real-time temperature monitoring are essential for metrology and
safety in electrical conduit applications. This paper proposes an acoustic time-of-flight (TOF) es-
timation method based on the digital lock-in filtering (DLF) technique for conduit ranging and
thermometry. The method establishes the relationship between the frequency and the time domain by
applying a linear frequency modulated Chirp signal as the sound source and using the DLF technique
to extract the first harmonic of the characteristic frequencies of the transmitted and received signals.
Acoustic TOF estimation in the conduit is then achieved by calculating the mathematical expectation
of the time difference between each characteristic frequency in the time-frequency relationship of
the two signals. The experimental results with enhanced noise interference on different conduit
lengths and various temperature conditions, proved that the proposed DLF method can establish
a robust linear time-frequency relationship according to the characteristics of the Chirp signal, and
the measurement accuracy of TOF has also been confirmed. Compared to the conventional method,
the DLF method provides the lowest absolute error and standard deviation for both distance and
temperature measurements with an enhanced robustness.

Keywords: acoustic ranging; acoustic thermometry; digital lock-in filtering; electrical conduit; time-
of-flight estimation

1. Introduction

In conduit construction and the maintenance process in the power industry, the indirect
calculation of the conduit length is required. Generally, the conduits buried underground or
in complex systems are long and mostly bent. Accurate length measurement and real-time
temperature monitoring are challenging and indispensable technical safeguards in conduit
laying and maintenance processes.

Traditional contact measurement methods such as scale and thermocouple cannot
be applied to lengthy underground conduits. Ranging and thermometry methods based
on laser [1,2] and imaging [3,4] technologies are constrained because light can only travel
in straight line, so it is unsuitable for lengthy, curved underground pipeline applications.
Ultrasonic and microwave ranging [5,6] and thermometry [7,8] methods require consider-
able power for long-distance measurements due to their shorter wavelengths and faster
attenuation, while increased power means an increased size of the sensor, and hence they
are inconvenient for such application, particularly for small diameter conduits. The acoustic
method has its advantages over the mentioned techniques above.

For convenience, the audio range with an operating frequency falling between 20 Hz
and 20 kHz is referred to as acoustic hereinafter in distinction from ultrasound. Different
from the laser and camera imaging, when a sound wave propagates in a curved conduit
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encountering local obstructions such as sludge, pipe bulge, and cable obstacles, the propa-
gation can continue through diffraction. The advantages of the acoustic method also lay in
its low cost and high anti-interference natures.

According to the measurement mode, acoustic-based ranging and thermometry are
mainly divided into two methods, namely the resonance method [9–11] and the pulsed
time difference method [12,13]. In the pulsed time difference method [14,15] the length and
temperature are measured by estimating the acoustic time-of-flight (TOF) in the conduit,
which is the focus of this paper.

In the acoustic TOF estimation, the cross-correlation algorithm is widely used, in
which the time delay is computed by identifying the similarity of transmitted and received
signals. Based on the direct cross-correlation (DCC) algorithm [16], there have been various
transformations and developments. The generalized cross-correlation (GCC), weighted
cross-correlation [17], and phase-corrected cross-correlation [18] are such examples to men-
tion. However, these algorithms have a common requirement of wide signal bandwidth,
because it is inversely related to the measurement error for TOF. Another well-known
method is the least mean-square time delay estimation (LMSTDE) [19,20], in which an
adaptive FIR filter is used to model the time difference and interpolate the filter weights
to obtain the time delay. Many adjustments and deformations [21,22] have been made to
LMSTDE in order to reduce the effect of noisy input caused by the limited filter length, how-
ever an accurate TOF could still not be achievable under a low signal-to-noise ratio (SNR)
if a small number of filter taps are used. The higher-order statistical time-delay estimation
algorithm [23,24] has an advantage to suppress the smoothly correlated Gaussian white
noise and extract the signal amplitude and phase information by extending the higher-order
spectrum of the multidimensional Fourier transform [25]. However, to achieve a reliable
accuracy, strict requirements on the sampling length and resolution of the A/D converter
must be satisfied. For other techniques such as the over-zero detection method [26,27],
the amplitude squared coherence function method [28], the phase spectrum estimation
method [29,30], and the adaptive TOF estimation method [31], although they have been
found various applications, none of them are suitable for conduit length measurement and
temperature monitoring in relatively harsh field conditions due to inferior and unreliable
measurement results at low SNR, limitations on sampling period and accuracy, and high
computational load.

Conduits for field applications are generally buried underground or in a complex
system close to a production or auxiliary equipment, transportation line or building site.
Hence a variety of noise and vibration interferences in a conduit can be expected. Moreover,
the bending of a conduit, the obstruction of internal cables, and the sand and dirt mixture
left inside during construction pose severe challenges to the acoustic measurement method.
It is critical for the acoustic method [32] to be able to suppress noise and overcome physical
obstacle interference while ensuring the accuracy and precision of acoustic TOF estimation.

This paper proposes a novel acoustic TOF estimation method based on a digital
lock-in filter (DLF) to improve the accuracy of electrical conduit length measurement and
temperature monitoring. A linear frequency modulated Chirp signal as the acoustic source
is used and the relationship between the first harmonic of the multi-frequency component
and the Chirp signal moment is established through digital phase-locking and low-pass
filtering of the signal. The acoustic TOF estimation in the conduit is achieved by calculating
the mathematical expectation of the time difference between the received and transmitted
signals at each characteristic frequency. The accuracy of the DLF method for conduit length
and temperature monitoring is verified experimentally by comparison with the classical
GCC and GCC-SCOT algorithms. The robustness of the method is tested at various levels
of noise intensity with different time spans. The results confirm that both the accuracy and
robustness are improved and satisfactory.
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2. Principle of Acoustic Ranging and Thermometry

In an electrical conduit system shown in Figure 1, although there are some stones, sand,
dents, and joints in the conduit, the sound wave will be transmitted from the loudspeaker
(the transmitter) at one end to the microphone (the receiver) fixed at the other end of the
conduit through the gas medium due to continuity of the gas in the conduit. The length
and temperature of the conduit can be found indirectly by estimating the TOF between the
transmitted and received signals at the source and at the receiver by calculation of the time
delay algorithm.
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Figure 1. Schematic of the acoustic ranging and thermometry method for electric conduits.

Since there is little variation in the enclosed conduit’s electromagnetic, gas state, and
composition, the acoustic wave can be assumed to be a linear propagation process. As
expressed in Equation (1), in the pre-construction stage, the conduit length L is calculated
at ambient temperature through the product of the sound speed c and the TOF τ. Once the
construction of the conduit is completed, online measurement of conduit temperature [33,34]
can be achieved based on the calibrated conduit length.

L = τc = τ

√
γR
m

T (1)

where γ is the isentropic exponent of the medium, R is the universal gas constant, m is the
molar mass, and T is the gas temperature inside the conduit.

It can be found from Equation (1) that the accurate estimation of the acoustic TOF
is the priority either for both distance calculating and temperature monitoring. Since the
proposed DLF and other time delay estimation methods have already been elaborated
elsewhere with the acoustic source parameters, only the sound source signal model will be
introduced in Section 2.1.

2.1. Acoustic Source Signal Model

The signal model with linear variation in frequency [33,34] has been proven to differ-
entiate signal better from noise hence leading to improved SNR. In this research, the sound
source signal is modulated with the widely used linear frequency Chirp. Assuming the
presence of additive noise in both the transmitted and received signals of the loudspeaker:{

x1(t) = s(t) + µ1(t)
x2(t) = ξs(t− τ) + µ2(t)

(2)

where s(t) is the acoustic source signal. µ1(t) and µ2(t) are the random noises contained
in the signals. ξ is the attenuation coefficient of the acoustic signal. τ denotes the TOF
between the two signals. s(t), µ1(t), and µ2(t) are assumed to be uncorrelated.

The transmitted signal x1(t) is:

x1(t) = A cos(2π fLineart + ∆ϕ) + µ1(t) t ∈ [0, τs] (3)
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where A is the signal amplitude, τs is the pulse width, ∆ϕ is the signal phase. f Linear denotes
the sweeping frequency of the signal, which is expressed as:

fLinear = f0 +
Bw

τs
t t ∈ [0, τs] (4)

where f 0 is the starting frequency at t = 0, Bw is the bandwidth in hertz.
In order to avoid overlap of the source signal with the low-frequency noise in the

field and in line with the best frequency response of the loudspeaker, in this research, the
starting frequency and bandwidth of the source signal are set to 4 kHz. The frequency
change with time is shown in Figure 2, where the amplitude A of the sound source signal is
1 V, and the waveform is a continuously varying cosine from 0 s to 0.2 s. The instantaneous
frequency of the signal increases linearly with the time. The frequency varies linearly from
4 kHz to 8 kHz in 0.2 s.
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2.2. The DLF-Based Acoustic Time-of-Flight Estimation Method

The digital lock-in filtering technique is a versatile signal processing method with
a wide range of applications in spectroscopy [2], electricity [35], and magnetism [36] to
extract signals at specific frequencies from harsh interference environments. Based on the
DLF technique, this paper proposes a novel method that can be used to accurately estimate
the TOF.

Once the acoustic signal propagates through the conduit, its waveform may be dis-
torted and attenuated. The intrinsic mode decomposition [37,38] of the acoustic signal
reveals that its frequency characteristics generally remain unchanged. By analyzing the
instantaneous frequency of the received signal, a new time-frequency relationship can be
derived, from which, it can be seen that the offset between the two time-frequency relation-
ships is the acoustic TOF. Traditional frequency domain analysis methods are constrained
by the Fourier transform characteristics so an accurate relationship between the time and
frequency domains cannot be established. In this paper, digital lock-in filtering techniques
are adopted to extract the instantaneous frequencies of the transmitted and received signals,
respectively, which can better characterize the local features of the two acoustic signals at
different moments.

The DLF method can be used to demodulate the amplitude and phase of each com-
ponent of the same frequency in the received and transmitted signals by means of the
phase-sensitive detection principle. The proposed TOF estimation method uses digital
phase-locking and low-pass filtering to extract the first harmonics of the different character-
istic frequencies of the acoustic signal. It demodulates the moment of occurrence at that
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frequency by detecting the peak of the first harmonic, thus establishing the time-frequency
relationship of multiple characteristic frequencies. The procedure for calculating the time
difference at each characteristic frequency is shown in Figure 3.
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In the DLF method, the reference signal Z1(t) and its orthogonal signal Z2(t) with 90◦

phase shift are assumed to be: {
Z1(t) = B sin(2π fmt)
Z2(t) = B cos(2π fmt)

(5)

where B is the amplitude of the reference and orthogonal signals with characteristic fre-
quency fm ranging from f 0 to Bw + f 0. Since the first harmonic detection range is determined
from the transmitted signal, the expressions for the reference and orthogonal signals
are known.

In the DLF method, first the acoustic signal with the reference phase is multiplied by
the orthogonal signals to realize the function of phase-sensitive detection. For illustrative
purposes, the following is an example of the transmitted signal x1(t), which goes through
the multiplier as follows:

X1 f (t) =x1(t) ∗ Z2(t) =
AB
2

[cos(2π fLineart + 2π fmt + ∆ϕ) + cos(2π fLineart− 2π fmt + ∆ϕ)] + B cos(2π fmt)µ1(t) (6)

Y1 f (t) =x1(t) ∗ Z1(t) =
AB
2

[sin(2π fLineart + 2π fmt + ∆ϕ)− sin(2π fLineart− 2π fmt + ∆ϕ)] + B sin(2π fmt)µ1(t) (7)

When the characteristic frequencies of the reference and orthogonal signals are the
same as the signal to be detected, i.e., f Linear = fm, Equations (6) and (7) can be simplified as:

X1 f (t) =
AB
2

[cos(2π fmt + ∆ϕ) + cos(∆ϕ)] + B cos(2π fmt)µ1(t) (8)

Y1 f (t) =
AB
2

[sin(2π fmt + ∆ϕ)− sin(∆ϕ)] + B sin(2π fmt)µ1(t) (9)

After being low-pass filtered, the output of the two signals is obtained as:

X1 f (t) =
AB
2

cos(∆ϕ) (10)

Y1 f (t) =
AB
2

sin(∆ϕ) (11)

Therefore, the magnitude of the first harmonic R1f can be calculated as:

R1 f =
√

X2
1 f + Y2

1 f (12)
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The moment t corresponding to the characteristic frequency fm is obtained from the
peak detection of the first harmonic:

t f m = argmax
t

(R1 f ) (13)

Therefore, the time delay for each frequency fm is expressed as:

τm = treceived_ fm − ttransmitted_ fm (14)

where treceived_fm and ttransmitted_fm are the moment of the received and transmitted signals
at the mth frequency fm, respectively.

The m time-frequency relationships tfm are obtained by detecting the time differences
at all m number of characteristic frequencies. TOF can then be obtained by calculating
the mathematical expectation of the time difference between the received and transmitted
signals over the passband Bw.

τ = E(τm) =
1

Bw

f0+Bw

∑
fm= f0

(τm) (15)

The Chirp signal frequency varies linearly over the pulse width. The analysis of the
dynamics of the received acoustic signals by means of nonlinear dynamics metric [39,40]
shows that if the loudspeaker’s response is inadequate, this can result in intermodulation
distortion of the output acoustic signal. The signal conditioner also causes harmonic
distortion of the signal after it has been received by the microphone, leading to a non-
linear [41] relationship between frequency and time of the acoustic signal. Due to the
known time-frequency characteristics of this pair of acoustic signals, the relationship is
fitted linearly by means of a least-squared-based regression method in order to minimize
the effects of non-linearity. The linear nature of the Chirp signal is combined to improve
the fitting accuracy of the time-frequency relationship by minimizing the sum of squares of
the errors. Assume that the linear equation of the time-frequency relationship is:

fi = b + kti + ε (16)

where b and k are the intercept and slope, respectively, and ε is the residual between the
actual and the fitting frequency values. The residual sum of squared error ∆f (b,k) can be
determined as follows:

∆ f (b, k) =
n

∑
i=1

ε2 =
n

∑
i=1

( fi − b− kti)
2 (17)

where fi is the actual value. b + kti is the targeting value. By making the partial derivatives
of the residual sum ∆f (b,k) relative to b and k zeros, the optimized b and k can be identified
to achieve the minimum ∆f (b,k).

In order to present the process of estimating TOF with the DLF method, an example
of an acoustic signal sampled at a conduit length of 3 m is shown in Figure 4. The signal
sampling rate is 200 kS/s, the sampling period is 0.22 s, and the starting frequency and
bandwidth of the acoustic source signal are 4 kHz.



Sensors 2022, 22, 5519 7 of 15

Sensors 2022, 22, x FOR PEER REVIEW 7 of 15 
 

 

that there is a significant hysteresis in between. The multiple characteristic frequencies of 
the received signal are digitally phase-locked and filtered. Figure 4c shows the normalized 
first harmonics at 0.5 kHz intervals from the starting frequency. The peak of the first har-
monic coincides with the moment at which that frequency is located. Hence, it can be 
concluded that a discrete sequence of time-frequency relationships can be derived by de-
tecting the peaks of multiple first harmonics, and the linear interpolation can be assumed 
between discrete points. The time-frequency relationship of the received signal in Figure 
4a is determined with the least-squares-based regression fitting method detailed with 
Equations (16) and (17). 

 
Figure 4. Example of TOF estimation process with DLF method. (a) The time-domain waveform of 
the received signal and time-frequency relationships of transmitted and received signals. (b) The 
acoustic spectrogram of the received signal. (c) Normalized first harmonic shown at 0.5 kHz inter-
vals within the signal bandwidth from the starting frequency. 

Similarly, the time-frequency relationship of the transmitted signal is also shown in 
Figure 4a. Thus, each eigenfrequency corresponds to a time delay as described in Equation 
(14). The TOF of the acoustic wave can be estimated based on the mathematical expecta-
tion of the time delays corresponding to the multiple eigenfrequencies. 

2.3. Cross-Correlation Time-of-Flight Estimation Method 
The cross-correlation algorithm is widely used in the study of acoustic TOF estima-

tion. The operation result reflects the similarity strength of the two signals, and the time 
delay of the two signals is detected when the similarity is most potent, where the peak 
position of the cross-correlation function occurs. 

Compared to the traditional DCC algorithm, the generalized cross-correlation (GCC) 
is more flexible in its operation [17]. The cross-power spectrum is obtained by performing 
a Fourier transform on the two time-domain acoustic signals and, if necessary, pre-pro-
cessing the cross-power spectrum in the frequency domain by weighting. The inverse 
Fourier transform is then applied to the cross-power spectrum. The process is as follows: 

Figure 4. Example of TOF estimation process with DLF method. (a) The time-domain waveform of
the received signal and time-frequency relationships of transmitted and received signals. (b) The
acoustic spectrogram of the received signal. (c) Normalized first harmonic shown at 0.5 kHz intervals
within the signal bandwidth from the starting frequency.

Figure 4a shows that the received acoustic signal is distorted in waveform amplitude
compared to the source signal in Figure 2 after propagating 3 m inside the conduit. The
effective pulse width is 0.2 s, which is consistent with the acoustic source. The time lag at the
front of the waveform is the acoustic TOF. Corresponding to Figure 4a, the acoustic spectrum
of the received signal is depicted in Figure 4b. The acoustic spectrogram is essentially a
short-time Fourier transform, which does not provide for both time and frequency resolution
of the analyzed signal, but the overall trend of the signal time-frequency correspondence
can be clearly seen from this figure. Shown in Figure 4a, the frequency of the received
signal varies linearly from 4 kHz to 8 kHz with time over the pulse width, which is the
same as the frequency-time relationship of the source signal, except that there is a significant
hysteresis in between. The multiple characteristic frequencies of the received signal are
digitally phase-locked and filtered. Figure 4c shows the normalized first harmonics at
0.5 kHz intervals from the starting frequency. The peak of the first harmonic coincides
with the moment at which that frequency is located. Hence, it can be concluded that a
discrete sequence of time-frequency relationships can be derived by detecting the peaks
of multiple first harmonics, and the linear interpolation can be assumed between discrete
points. The time-frequency relationship of the received signal in Figure 4a is determined
with the least-squares-based regression fitting method detailed with Equations (16) and (17).

Similarly, the time-frequency relationship of the transmitted signal is also shown
in Figure 4a. Thus, each eigenfrequency corresponds to a time delay as described in
Equation (14). The TOF of the acoustic wave can be estimated based on the mathematical
expectation of the time delays corresponding to the multiple eigenfrequencies.

2.3. Cross-Correlation Time-of-Flight Estimation Method

The cross-correlation algorithm is widely used in the study of acoustic TOF estimation.
The operation result reflects the similarity strength of the two signals, and the time delay of
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the two signals is detected when the similarity is most potent, where the peak position of
the cross-correlation function occurs.

Compared to the traditional DCC algorithm, the generalized cross-correlation (GCC)
is more flexible in its operation [17]. The cross-power spectrum is obtained by performing a
Fourier transform on the two time-domain acoustic signals and, if necessary, pre-processing
the cross-power spectrum in the frequency domain by weighting. The inverse Fourier
transform is then applied to the cross-power spectrum. The process is as follows:

Gx1x2(ω) = F[x1(t)]F∗[x2(t)] (18)

Rx1x2(τ) = F−1[Gx1x2(ω)] (19)

where Gx1x2(ω) is the cross-power spectrum of the two signals; F[·] stands for Fourier
transform; * denotes the complex conjugate; Rx1x2(τ) is the GCC function; F−1[·] represents
inverse Fourier transform function.

The GCC algorithm is whitened and pre-weighted in the frequency domain to enhance
the suppression of noise interference. The weighting process of the Smoothed Coherent
Transform (SCOT) [42] has a significant suppression effect on noise and is widely used for
accurate time delay estimation. The SCOT weighting function is essentially an improvement
on the ROTH weighting function [17], which is expressed as follows:

ψx1x2(ω)SCOT = [Gx1x1(ω)Gx2x2(ω)]−1/2 (20)

where Gx1x1(ω) and Gx2x2(ω) are the self-power spectra of transmitted and received signals,
respectively. Therefore, the GCC-SCOT function is defined as:

RSCOT
x1x2

(τ) = F−1[ψx1x2(ω)SCOTGx1x2(ω)] (21)

Described with Equation (22), in GCC, the accurate estimation of the acoustic TOF is
determined by detecting the peak position of the cross-correlation function, and so is in the
GCC-SCOT.

τ = argmax
τ

[Rx1x2(τ)] (22)

3. Results Analysis and Discussion

Following the sequence of electrical conduit construction and testing requirements,
the calibration measurements of geometric distances were first carried out for different
electrical conduits. A laser distance meter (LDM) was used to measure the length of the
electrical conduit chosen for the experiments in its straightened state. The measurement
was repeated several times to determine the reference standard. The same conduit was
measured with the acoustic waveform when the conduit was bent to verify the applicability
and feasibility of the proposed DLF method. The experimental study of continuous online
monitoring of the conduit temperature was also carried out under disturbing conditions of
different noise energy levels, and with mud and gravel inside at different temperatures, by
doing so, to validate the method in practical application environments. As a comparison,
the GCC, GCC-SCOT, and DLF methods are employed for calculation simultaneously.

3.1. Experiment Setup

The experiment measurement system shown in Figure 5 was set up to better imitate the
field conditions of the conduit in the laboratory. A linear frequency modulated Chirp signal
with a starting frequency and bandwidth of 4 kHz was used as the sound source, sent from
the data acquisition card to the loudspeaker via a power amplifier with adjustable gain.
At one end of the conduit, the acoustic sound and noise were emitted by Loudspeakers
S1 and S2 respectively and transmitted through the conduit. The microphone at the other
end was used to receive the signals. The loudspeakers and the microphone were installed
utilizing fixed-size acoustic waveguides. The acoustic waveguide installed with S1 and S2
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was an internal tee structure. The microphone was 1/2-inch in diameter, with a sensitivity
of 50.4 mV/Pa, and a dynamic range of 20 dB to 136 dB, its frequency response range was
from 20 Hz to 20 kHz.
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The inner diameter of the conduit was 45 mm. A ribbon heater was uniformly wound
around the pipe, which was wrapped with insulation material to create different tempera-
ture experiment environments. Six type K thermocouples (GG-K-30-SLE made in Shanghai
Yaogeng Automation Instrument Co., Shanghai, China) with a diameter of 0.255 mm were
evenly spaced 250 mm apart inside the conduit. As can be seen in the cross-sectional view
in Figure 5, the thermocouples were wrapped in a breathable glass fiber cloth with a wire
diameter of 1 mm in order to avoid direct contact with inner pipe wall to prevent mismea-
surement. The gas pressure inside the conduit was kept almost constant when the conduit
was closed, and the average value obtained from several thermocouples was used as a
reference or standard temperature. The model of the laser distance meter (LDM) was Fluke
404E (Made in Fluke Co., Beijing, China), with a range of 0.2 m to 40 m and measurement
precision of ±2.0 mm + 5 × 10−5 *L. It was used to calibrate the length of the conduit when
it was in the straightened condition. The noise transmitted by S2 was to simulate the noise
disturbance from construction, equipment, and traffic in field applications. Also included
in the system were: a data acquisition card NI USB6356 (Made in National Instruments Co.,
Austin, TX, USA) with a sampling rate of 1.25 MS/s and a resolution of 16 bits; a signal
conditioner containing phantom power unit and signal amplification circuit.

3.2. System Error Calibration

As shown in Figure 5, the distance between the sound output of the loudspeaker and
the coil-wrapped sound diaphragm results in a systematic error in the acoustic ranging and
thermometry. Since both the measurement system and the loudspeaker structure remain
unchanged, this systematic error can be calibrated employing the least-squares method.

Lr = ςLe + ∆L (23)

where Lr is the reference length measured by the LDM, Le is the estimated length calculated
through the acoustic method, ∆L is the system error, and ς is a scale factor by reason that
the acoustic signal distortion loss due to conduit bends and obstacles in the pipe. In the
experiment, the correction factor and system error were 1.0024 and 8.16 mm, respectively,
so the correct distance could be calculated.
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3.3. Analysis of the Measurement Results
3.3.1. Acoustic Ranging and TOF Estimation in Different Conduit Length

Following the construction of the electrical conduits, the different conduit lengths
were first measured using three different time-delay estimation algorithms to investigate
the accuracy of the proposed DLF method for different TOF. The internal temperatures of
the closed conduits with different lengths were kept the same and maintained during the
measurements and the six thermocouples arranged at the ends of the conduits were used to
indicate the actual temperature. The electrical conduits were cut into 8 different pieces with
the lengths of 0.503 m, 1.021 m, 2.032 m, 3.022 m, 4.017 m, 5.023 m, 6.993 m, and 10.022 m,
respectively, based on LDM measurements at their straight states. Once the experimental
bench and sensors were all installed and arranged, the temperature in the conduit was
monitored using thermocouples, and as the experiments for length measurement using
acoustic methods were carried out the temperature became stable. The average temperature
of the six thermocouples was 26.31 ◦C when the thermal equilibrium was reached, and the
theoretical speed of sound in the conduit was 345.82 m/s.

The length for each of the mentioned conduit above was measured in the pre-construction
phase, which was free from noise and vibration interference. The Chirp acoustic waves were
transmitted from S1, and received by the microphone to estimate the acoustic TOF across
each of eight different conduits over their full lengths. The number of measurements for each
conduit was 200.

In the example of the propagated acoustic signal travelling a conduit of 7 m, it can be
seen from Figure 6a that a slight waveform distortion occurred due to the conduit bending,
gravel, obstruction of the thermocouple wire, and gas attenuation. A significant time delay
of the received signal to the transmitted signal is clearly shown, this time is the TOF to
be estimated. From the acoustic spectrum of the two signals in Figure 6b,c, it is evident
that the attenuation of the waveforms did not affect the time-frequency relationship of the
received signals. This time delay is also obviously reflected in the corresponding acoustic
spectrum of the received signal in Figure 6c. This phenomenon provides an explanation of
the proposed DLF method.
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The DLF, GCC, and GCC-SCOT methods were used to process the acoustic signals
obtained from the eight conduits with different lengths mentioned above. Figure 7 shows
the time-frequency relationship for each conduit at the given length calculated using the
DLF method. The time frequency graphs of TOF are parallel for different conduit lengths,
indicating the distinct time taken for the acoustic wave travelling a given journey.
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Figure 7. The time-frequency relationships of different lengths of conduits are extracted by the
DLF method.

Figure 8 provides the details of the analysis, where the measured TOFs were converted
to length for the three acoustic methods. Taking the lengths determined with LDM measure-
ments as references, the relative error (RE) and standard deviation (SD) of the three acoustic
methods were compared. The results are depicted in Figure 8. Apparently, the graphs
in this figure confirm that both RE and SD for all three different methods increase with
distance, and both errors with the GCC-SCOT are slightly smaller than with the GCC over
the entire range. The DLF method has the best performance in this regard, the maximum
RE under DLF is 6.26%, and 16.99% smaller than that derived with GCC and GCC-SCOT,
respectively. The DLF method therefore offers the best measurement accuracy, and the
lowest SD also demonstrates the best stability over multiple repeated measurements.
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3.3.2. Experiments on Temperature Monitoring with Noise Interference at Different
Energy Levels

The production or auxiliary equipment, transport, and building construction close
to an electrical conduit can generate various noises and vibrations inside, which can
interfere with the temperature monitoring by acoustic methods. The vibration effect is not
considered in this paper as underground vibrations are mainly low frequency, well below
the bandwidth of the signal used for measurement. The previous studies have shown that
the noise in underground power conduits is mainly Gaussian white noise [9]. The noise
immunity of the DLF method was verified by adding Gaussian white noise to the conduit
via S2 and the noise energy level was set by adjusting the power amplifier’s gain. In this
section, the thermocouples were evenly aligned in a conduit of 3 m length. The experiments
were carried out without heating at seven interfering SNR levels, and the results are shown
in Figure 9. The number of measurements at each SNR level was 200.
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Figure 9. Temperature measurement results in different SNR conditions.

Due to the closeness of the measured results from the three acoustic methods and the
tendency for the error bars to overlap, Figure 9 displays them separately for clarity. The
graphs show that the results based on all of the three acoustic thermometry are lower than
that given by the thermocouple. The temperature measured by the thermocouple increases
by approximately 0.3 ◦C as the measurement time increases, and the trend is followed by
the acoustic measurement results. But the temperatures measured using the DLF method
is closest to that obtained using the thermocouple. The maximum absolute error of the
DLF is 16.7% and 16.3% lower than that of GCC and GCC-SCOT methods. Thus, it can be
concluded that DLF provided the best measurement accuracy.

3.3.3. Experiments on Temperature Monitoring at Different Temperatures

The use of cables in electrical conduits is accompanied by heat generation, which
can be dangerous when too much heat builds up. In the experiments, the temperature
of the ribbon heater was adjusted utilizing a temperature controller to produce different
temperature conditions. The temperature conditions are shown in Figure 10, each of which
was measured after the temperature controller had been adjusted and a steady temperature
reading was reached. The noise was added in the experiments to simulate interference
signal. The SNR of the experiment environment was approximately equal to −9.380 dB,
and the number of measurements per temperature condition was 200.
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Since the upper limit of the temperature controller is 65 ◦C, seven different temperature
conditions were set up ranging from 30 ◦C up to 60 ◦C. Figure 10 shows that the thermo-
couple readings are higher than that of acoustic methods and have small spread (indicated
by shorter error bars), probably due to the fact that the glass fibers wrapped around the
thermocouple were in contact with the inner conduit wall for a long time, resulting in the
temperature being closer to the wall by heat transfer while the acoustic method measured
the gas temperature inside the conduit and therefore gave lower results than the thermocou-
ple. The DLF temperature results were higher than the GCC and GCC-SCOT methods with
maximum temperature differences of 6.8% and 5.7% times higher and were closest to the
thermocouple measurements. The GCC-SCOT results were better than the GCC method
in terms of temperature and error. The DLF method had the lowest error, with maximum
errors of 9.5% and 7.2% lower than the GCC and GCC-SCOT methods, respectively, and
had the best measurement stability.

4. Conclusions

This paper proposes a new acoustic time-of-flight estimation method to achieve high
accuracy in ranging and thermometry systems. The proposed DLF method is more inter-
ference immune which can extract the first harmonics of time-domain signals of low SNR
from various noise and vibration disturbing environments. The relationship between time
and frequency signals is established by harmonic peak detection. As both the transmitted
and received signals have highly similar time-frequency characteristics, an accurate estima-
tion of the acoustic TOF is required that can be attained by solving for the mathematical
expectation of the time difference between the two signals so that the conduit length and
the temperature can be calculated.

In order to simulate more closely to the on-site conduit conditions, an experiment
platform and system for length and temperature measurement were constructed in the
laboratory. The signal interference encountered in the field measurement due to physical
disturbances from sand, gravel, and mud in the conduit, as well as caused by nearby
construction and traffic, and different temperature environments was assumed to be Gaus-
sian white noise. Compared with the conventional TOF estimation methods GCC and
GCC-SCOT, the proposed DLF method can give more accurate measurement for conduit
length and temperature where the temperature may fluctuate. The DLF method has the
advantages of an extensive measurement range, higher accuracy, and robustness so it is
more suitable for field applications.
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