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Abstract

Accurate measurement of coal levels in coal bins is a critical step in the coal production
and storage process. Real-time information about changes in coal levels within a closed
storage environment can provide a better basis for coal production and scheduling. This
study aims to comprehensively and deeply understand the main development status of
coal level detection technology and the accuracy of coal bunker detection. To achieve this,
we first provide a comprehensive summary of the existing closed coal bunker detection
devices and methods. We then systematically analyze the typical structure and
principles of terahertz coal-level detection radar. Finally, we evaluate the results of THz
coal-level radar detection and discuss the impact of different algorithms on the accuracy
of coal-level measurement results. The combination of terahertz radar and advanced
algorithms to improve detection accuracy highlights the significant potential of
terahertz radar in achieving high-precision coal bunkers detection.
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1. INTRODUCTION

During the process of coal production, storage and transportation are typically necessary. The
two main forms of storage are stockpile storage and silo storage[1l]. Due to economic
development, social progress, and more stringent environmental regulations, a growing
number of companies are adopting closed-silo coal storage[2].Silo storage coal offers several
key advantages [3]. Firstly, it provides good environmental protection performance by
completely preventing the diffusion pollution of coal dust [4].

Storing and unloading coal can lead to a significant amount of dust accumulation in the coal
bunker[5]. To avoid excessive dust density, it is necessary to maintain a certain level of humidity;,
which causes coal powder to stick to the bunker walls [6]. The uneven accumulation of coal
scale on the bunker walls creates a rough surface that makes it difficult to distinguish between
the coal and the bunker walls. Moreover, the coal height in the bunker constantly changes with
coal production and transportation[7]. This complex storage environment poses a significant
challenge for accurately detecting coal levels in the bunker.

Terahertz radar is a non-destructive detection technology based on the terahertz frequency
band[8]. The frequency of the terahertz band is between microwaves and infrared, which has
high penetration and resolution and can be used to detect and image a variety of substances
and materials[9]. This technology is mainly used in the production and management of coal
mines to achieve fast and accurate detection and positioning of coal seams in coal bunkers,
thereby improving the utilization of coal bunkers, reducing coal waste, and improving
production efficiency. The terahertz radar coal bunker and coal seam detection technology has
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the advantages of non-contact, non-destructive, high accuracy, and high reliability, and has a
broad application prospect in coal production and management[10].

2. COAL BUNKER COAL LEVEL DETECTION DEVICE

Various methods can be used to measure the coal level in a bunker. Depending on whether
the measuring instrument makes contact with the coal surface, the coal level depth detection
method can be classified as either contact or non-contact measurement method[11]. The
pressure method, heavy hammer method, capacitance method, and other instruments are in
direct contact with the coal surface during the measurement process, which makes them part
of the contact measurement method. On the other hand, the ultrasonic method, laser method,
nuclear radiation method, machine vision, and radar-type instruments do not make contact
with the coal surface during the measurement process, which classifies them as part of the non-
contact measurement method.

2.1.Contact coal bunker level meter

The pressure coal level meter is a device that measures the height of the coal level by weighing
the coal stored in the silo[12]. Typically located at the bottom of the silo, it consists of a pressure
sensor and a coal-level display[13-15]. The heavy hammer coal level meter is an instrument
used for measuring the depth of large or pulverized coal particles in the coal bunker[16, 17]. It
comprises a host, a motor, and a controller. The host is installed at the top of the bunker using a
heavy hammer detection host and a pulley. The heavy hammer is pulled by the motor via a
stainless-steel belt or wire rope, and it is vertically hoisted in the silo through the pulley. The
heavy hammer falls freely under the influence of gravity onto the surface of the coal pile or coal
bunker, and the coal level height is calculated based on the intensity and time of the energy
reflected back[18]. The capacitive coal level meter is made up of a capacitive liquid level sensor
and a capacitance detection circuit[19]. Its working principle is based on the fact that the
capacitive coal level sensor converts changes in the coal level into changes in capacitance and
dielectric constant, which are then used to calculate the material level value[20-22].

2.2.Non-contact coal level meter

Ultrasonic coal level meters typically consist of a detector, a controller, and a display[23]. The
sensor receives the reflected signals and converts them into electrical signals, thereby obtaining
height information of the coal level[24-26]. The laser coal level meter consists of laser signal
transmitters and receivers[27, 28]. By accurately recording the time difference between laser
emission and reception, the distance from the laser radar to the target can be determined. The
principle of the radioactive coal level meter is to measure the coal level by transmitting energy
attenuation when the ray penetrates the coal bunker and its materials[29-31]. The ray receiver
is typically installed at the bottom of the coal bunker. As the ray passes through the coal seam
of different thicknesses, its strength changes[32]. By detecting the received ray intensity, the
height of the object to be measured can be indicated[33, 34]. With the advancement of image
recognition technology, computer vision is now being used to detect the coal level in coal
bunkers by utilizing an auxiliary light source. The principle of coal level detection in the coal
bunker is based on the spot measurement method. The relationship between spot size and coal
level is calculated by projection, and then the coal level corresponding to different spots is
determined by calibration [35].

3. RADER COAL LEVEL METER

Radar coal level gauge is a non-contact coal level measurement device that utilizes radar
technology. It measures the height of coal level by emitting radar signals towards the coal and
receiving the signals reflected back from the coal[36-39]. Radar coal level gauges typically have
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high measurement accuracy and reliability, and can adapt to different coal properties, humidity,
viscosity, and other conditions. They are capable of continuous monitoring of coal level,
providing real-time information on coal level changes[40-42].

Radar frequency bands can be divided into over-the-horizon radar, microwave radar,
millimeter wave radar, terahertz radar, etc. When detecting materials in the coal bunker, over-
the-horizon radar is mainly used in short-wave frequency bands, but the measurement distance
does not meet the requirements of coal-level detection in the coal bunker[43]. Therefore, over-
the-horizon radar is not selected as a detection instrument in the coal bunker coal level
detection process.

The principle behind the microwave radar coal level meter is based on emitting an extremely
narrow microwave pulse through the antenna radar probe[40]. . This pulse travels through the
air at the speed of light and comes into contact with the surface of the medium to be measured,
which reflects a portion of the electromagnetic wave. The reflected electromagnetic wave is
then received by the antenna in the radar system[44, 45]. The distance from the antenna to the
surface of the medium has a positive correlation with the interval between the transmitted and
received pulses. Since the propagation speed of the electromagnetic wave is known, the distance
from the target can be calculated by determining its time interval [46].

Millimeter wave refers to an electromagnetic wave with a wavelength range of 1-10mm, and
its corresponding frequency range is 30GHz-300GHz[4]. Under the same antenna size, the beam
of a millimeter wave is much narrower than that of a microwave, so it can distinguish small
targets closer to each other or observe the details of targets more clearly[47-49].

Among the various applications of Terahertz waves in industry, Terahertz radar is one of the
most important research areas. Terahertz waves refer to electromagnetic waves with
frequencies in the range of 0.1~1THz. Compared to existing microwave and millimeter wave
technology, Terahertz waves have shorter wavelengths and can achieve larger signal bandwidth
and narrower antenna beams, making them ideal for high-resolution target detection[50, 51].
Terahertz radar possesses ultra-wideband characteristics. The large bandwidth enables the
radar to achieve fine range resolution, allowing accurate positioning and shape profiling. Ultra-
wideband signals can penetrate and propagate through many materials, permitting the
detection of objects behind obstacles. Brian Yamauchi used ultra-wideband (UWB) radar to
provide obstacle detection capabilities for a portable robot, and validated that UWB radar can
effectively penetrate adverse weather including dense fog and detect obstacles undetectable by
vision or lidar under the same conditions[52].Fernando Cunha proposed ultra-wideband (UWB)
radar as a powerful sensing solution, and validated the performance of this radar in typical coal
mining environments, providing higher resolution and greater range in smoke- and dust-filled
tunnels[53].

Given these technical characteristics, radar systems based on Terahertz bands are more
suitable than traditional microwave and millimeter wave technology for coal level detection in
closed silos[54]. This is because the smaller Terahertz wavelength can detect smaller targets
more accurately, even in fully enclosed coal bunkers with serious dust[55]. Furthermore,
Terahertz radar devices are smaller and their components can be easily placed in a closed coal
bunker. As they do not have any movable mechanical parts and are completely isolated from the
container volume, they exhibit excellent stability and have low maintenance costs. The
measurement of coal level accuracy is vital in the production and transportation of coal, and

Terahertz radar's higher bandwidth allows for more accurate detection of coal level in coal
bunkers [56].
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4. STRUCTURE AND PRINCIPLE OF TERAHERTZ RADAR

Terahertz radar technology, used for level measurement, can be categorized into pulse wave
radar and frequency-modulated continuous wave (FMCW) radar, based on the form of the radar
signal[57]. The pulse radar system is relatively simple and cost-effective, but when applied to
the close-range liquid level measurement, the short pulse round-trip delay makes a direct
measurement of the delay challenging, leading to reduced accuracy. FMCW radar, on the other
hand, uses linear frequency modulation and fast Fourier transform (FFT) analysis, which
reduces the hardware cost requirements of the radar system[58, 59]. In the signal processing
phase, by analyzing the frequency domain characteristics of the radar wave, distance
parameters of the object target can be obtained, and selecting the appropriate linear bandwidth
modulation method can achieve higher distance resolution and more accurate measurement
distance. Therefore, for accurate coal level measurement in coal bunkers, FMCW radar is an
ideal option, especially as modern industry demands higher accuracy.

4.1.FMCW radar system structure

The diagram in Figure 1 illustrates the basic structure of an FMCW radar system. To measure
the distance of a target, the FMCW radar sends a linear frequency modulation pulse[44]. This
pulse is generated by a linear frequency modulation source in the radio frequency front end.
The frequency modulation source comprises a signal modulator and a voltage-controlled
oscillator, with the signal modulator producing the required modulation signal such as a
triangular wave or sawtooth wave[41, 60]. The voltage-controlled oscillator, which can be used
as the frequency modulator, generates an output signal with a frequency controlled by a slope
and periodic ramp signal. A portion of the frequency modulated continuous wave passes
through the power divider and is transmitted to the transmitting link. It then passes through
the power amplifier, radiating outward via the transmitting antenna. The other part of the mixer
sent to the receiving link is used as the local oscillator signal. When the transmitted signal from
the transmitting antenna detects the target object, a reflected signal is generated containing
information about the target. The reflected signal is received by the receiving antenna, amplified
by a low noise amplifier (LNA) and down-converted to generate an intermediate frequency
signal. This signal is then sent to the analog-to-digital converter for sampling, and the digital
signal processor analyzes the signal to obtain the distance information of the measured
target[61].

Distance
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Figure. 1 FMCW radar system structure diagram
4.2.FMCW radar system ranging principle

The figure in Figure 2 shows the waveform of the FMCW radar transmitting and receiving
signals on the same time axis.
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Figure. 2 FMCW signal diagram

The frequency of the frequency-modulated continuous wave changes linearly with time
according to the sawtooth wave modulation signal waveform. At any given time t, the frequency
of the frequency-modulated continuous wave can be expressed as:

fe=fotkt (1)
B
k =7 (2)

The formula given above shows that the frequency of the frequency-modulated continuous
wave changes linearly with time. Here, f, represents the initial frequency of the frequency-
modulated continuous wave, B is the frequency bandwidth of the frequency-modulated
continuous wave, 7 is the delay between the radar receiving echo signal and the transmitting
signal, and T represents the period of the sawtooth wave modulation. The amplitude of the
modulated signal remains constant, and the emission frequency changes linearly within a fixed
period. As a result, the emitted waveform and the echo waveform are identical. The figure
depicted in Figure 2 shows that f;(t) is the frequency of the transmitted signal at time t, while
fr(t) represents the frequency of the received signal at time t. The mixer multiplies the
transmitted signal with the received signal, and the resulting signal is then passed through a
low-pass filter to generate a low-frequency signal f;, also known as the beat frequency signal
[44, 60].

According to radar principles, let us assume that the distance between the radar and the
target object is R, and the electromagnetic wave propagation velocity is c=3x108 m/s. and the
electromagnetic wave propagation velocity is t,, and receives the echo signal at time ¢, + 7.
Then the distance of the signal propagation is 2R, which can be calculated using the following

relationship
2R
T=— (3)

c

From the above equation, £y is the frequency difference between the transmitted signal and
the echo signal

fa =kt (4)

Combining the above equations, the frequency difference f; between the transmitted signal
and the received signal is:

B
fo=2R— (5)
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The distance R between the radar and the target object is:

cT
R =55 fa (6)

From the above, it can be observed that the radar detection range R is dependent on the
sawtooth sweep period T, the sweep bandwidth B, and the frequency difference between the
transmitted signal and the received signal. In a radar system, the sweep bandwidth and the
sweep period are usually known values[62, 63]. Hence, if the frequency difference can be
determined, the distance R between the radar and the target can be calculated. During the signal
processing stage, the frequency difference signal is sampled and subjected to Fourier
transformation. At this point, the peak value in the signal spectrum can be determined, and the
value corresponding to the peak frequency is f;.

5. ALGORITHM FOR IMPROVING RANGING ACCURACY OF FMCW RADAR
5.1.DFT zero-padding method

Suppose that the sequence x(n) has N sampling points, if it is zero-padded to a length of NO,
then the new sequence x,(n) is

jerty(BR+£,
xo(n) = e (N ),OSTLSN (7)
O,N<n<N,

X, (k) is obtained by NO point discrete Fourier transform of x,(n). If NO=AN, the relationship
between X,(k) and x(n) is

N-1
X, (k) = Z x(n)e V2N, 0 < k < AN 8)
Xo(Ak) = X(k) 9

X (k) can be obtained by sampling the spectrum of X,(k) at A points. As a result, the
spectral lines of X,(k) around A point become denser than the adjacent spectral lines of X (k)
at the same distance, which increases the spectral line density and enhances the ranging
accuracy[64, 65]. However, the spectral line density of the zero-padding method is directly
proportional to the number of zero-padding [66, 67]. Increasing the number of zero-padding
will increase the computational burden on the backend of digital signal processing, resulting in
significant time loss during data processing.

5.2. Zoom—FFT

Although the zero-padding method in the time domain can improve the accuracy of frequency
measurement, it increases the amount of calculation in the back end of digital signal processing.
In the spectrum analysis of FMCW radar, the goal is to identify the maximum spectrum peak
position of the beat frequency signal, and the other spectrum components are not necessarily
refined. The ZFFT method refines the local part of the spectrum to improve frequency
measurement accuracy while increasing the calculation amount[68, 69].

Assuming the signal x(t) is sampled at a rate of f; and has a sampling sequence x(n), a
distance dimension FFT is performed on the sequence with N points to obtain the signal
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frequency f,eqx corresponding to the spectrum peak. The center frequency f,.qk, the starting
frequency f;, and the end frequency f, + B are shifted to the zero-point, and then a low-pass
filter is applied to filter out high-frequency components that are not relevant and prevent
spectrum aliasing after sampling. The filtered signal is resampled with a refinement factor D,
resulting in NO signal points. Zero is added to make the number of points N before extraction,
and N-point FFT is performed to improve the accuracy of the ranging results.[70-72].

5.3. Chirp—Z transform

To address the contradiction of the simple FFT method, the Chirp-z transform (CZT) can be
utilized to enhance the local sampling resolution without increasing the computational
complexity of signal processing. The CZT method is a spectrum calculation technique that
employs spiral sampling, enabling the acquisition of a high-precision spectrum with fewer
sampling points in the frequency band of interest [73].

When measuring the coal level in the coal bunker, typically only a certain section of the entire
spectrum of the beat frequency signal is of interest[74, 75]. The CZT algorithm is capable of
sampling at non-unit and non-equal interval points, and then refining the spectrum accordingly.
The CZT algorithm operates based on the following fundamental principle[65, 76, 77].

The sequence x(n)(0 < n < N — 1), its Z transform (10) is shown
N-1

X(z) = Z x(n)z™ (10)

n=0

A Sampling at equal angles along a helix in the z-plane, the sample points for Z are shown as.
z, =AW ¥ ke[o,M—1] (11)
N is the number of sampling points near the selected frequency, A and W can be expressed as:
A= Ayelf (12)
W = Wye /%o (13)

Bring (12) and (13) into (11) to obtain:
2z = AgWy ke Botkeo) (14)
In equation (14), A, represents the length of the vector radius of the initial sampling point,

0, represents the phase angle of the initial sampling point,, ¢, represents the angle difference
between two adjacent sampling points, and WO represents the elongation of the spiral.

When M =N,A0=1,W0 =1, ¢, = 21/N, the calculation formula of CZT is as follows:

N-1 N-1
X(z) = Z Xz = Z x(M) AWK 0 < k< M — 1 (15)
n=0 n=0

Using the Brustein equation:

nk = %(n2 + k? — (k —n)?) (16)
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Bring (16) into (15) to obtain:

= 1 k2 = n? —(k-n)?

X(z) = Z x(n)A-nwaln® HRE = Ge-m?] o Z lx(n)A"nWTl w2 (17)
n=0 n=0
Let
nZ
gn)=xmA™ W=z, n=01,-N—-1 (18)
nZ

h(n) =W™2 (19)

Then (17) can be rewritten as:

K2 K
X(z) =Wz Z gk —n) = W2 [g(k) « (k)] k = 0,1, M — 1 (20)
n=0

5.4. Phase estimation algorithm

Accurate estimation of the beat frequency and phase is crucial for achieving precise distance
measurement because the frequency and phase are proportional to the distance[57, 65, 78-80].
However, achieving micron-level accuracy requires a very wide bandwidth, which is difficult to
achieve in coal bunker coal level measuring instruments. To address this challenge, a
combination of frequency and phase estimation can be used to improve frequency accuracy
detection[49, 66, 81-85]. Specifically, the phase change of FMCW terahertz radar can be
calculated using formula (24).

¢ =— (23)

The algorithm leverages phase information to partition the range from the radar to the target
into n clear range units based on the non-fuzzy range order. The length of each ranging unit is
Astart/ 2. To determine the distance unit of the target, the frequency estimation provides a rough
estimation of the target distance (Rcoarse) using formula (24). The initial phase of the IF signal
is equivalent to the phase difference between Tx and Rx, and the time delay between Tx and Rx
chirps is stored in the IF value. Therefore, the precise estimation of the target range (Rphase)
can be obtained from IF using formula (25) within the determined range unit. The final
estimated value of the target distance is calculated using equation (26).

cT
R coarse = o ﬁ (24)
Qrrh
Rphase = % (25)
Raps = Reoarse T Rphase (26)

The frequency estimation is used to determine the rough position of the target, followed by
the phase estimation method to accurately determine the position of the target. This approach
has been highly effective in detecting the coal level of the coal bunker, enabling rapid and
accurate detection.
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6. CONCLUSION

This paper provides an overview of the complex environment in a coal bin and typical closed
coal bin detection devices and methods. The focus is on the analysis and processing algorithms
for the beat frequency signal used in Terahertz radar measurement, which enables higher
detection accuracy. The precise detection method based on Terahertz radar holds significant
potential and advantages for coal seam level detection. Compared to other detection devices,
the Terahertz radar-based method exhibits strong anti-jamming capabilities, high detection
accuracy, superior performance, and ease of installation. Furthermore, with the continuous
upgrade of digital signal processing backend equipment and the development of processing
algorithms, coal-level detection technology based on Terahertz radar is expected to achieve
further breakthroughs and advancements.
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