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Abstract 11 

The transparency of coal seam working face is an important assurance for safe and accurate 12 

mining of coal mines. Mine geophysical prospecting is an important means for geological 13 

exploration of coal seam working faces, among which the mine radio wave tomography is one of 14 

the most common and effective methods. However, the undulating feature of the coal seam will 15 

greatly interfere the high-precision attenuation electromagnetic wave imaging. Through two-16 

dimensional numerical simulation experiments, we identified that in a horizontal coal seam, the 17 

energy of penetrated radio wave showed an approximate linear attenuation law, while in an 18 

inclined coal seam, it showed a very different parabolic attenuation trend. To eliminate the 19 

influence of coal seam inclination on the accuracy of radio wave tomography, in this paper, we 20 

proposed a correction method for imaging undulating coal seams using radio wave tomography. 21 

Further, through three-dimensional numerical simulation experiments, we verified the validity and 22 

reliability of the correction method. Overall, both theoretical and numerical simulation 23 

experiments indicated that the method could basically eliminate the influence of coal seam 24 

inclination and improve the imaging accuracy.  25 

 26 
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Introduction 33 

Coal is the main energy source of China and provides important support for the sustainable 34 

development of China's economy. Although the energy structure is constantly changing with the 35 

development of the social economy, coal consumption still accounts for 80% of China’s total 36 

energy consumption. Therefore, coal’s dominant position in the energy structure will not change 37 

in a short period of time (Peng et al., 2015). Nowadays, with the popularization of industrialization, 38 

the realization of precise and intelligent coal mining has become the only way for mining. This 39 

means that identification of geological anomalies in the working face and the transparency of the 40 

geological conditions of the mine working face are important foundations for intelligent and 41 

precise coal mining (Yuan et al., 2019; Cheng et al., 2019). The current methods used to explore 42 

the geological structures of the working face include the cross-well electromagnetic method, 43 

channel wave exploration, and seismic tomography. However, the current ordinary drilling and 44 

geophysical exploration methods can no longer meet the requirements for high-precision 45 

exploration and are unable to accurately detect some hidden structures as well as faults with a drop 46 

of less than 5 m (Hu et al., 2017). Accurate detection of geological structures in coal seam working 47 

faces urgently requires high-precision detection methods to improve the economic benefits and 48 

mining safety of the coal mine.  49 

Radio wave tomography is one of the most effective and universal methods for detecting the 50 

geological structures of coal seam working face. Many scholars have theoretically explored the 51 

radio wave propagation laws and imaging algorithms. In terms of propagation laws, researchers 52 

proposed the layered geoelectric model and the single medium model, where the electrical changes 53 

of the top and bottom of the coal seam and the thickness of the coal seam will affect the phase of 54 

radio wave (Stolarczyk et al., 2003; Hussain et al., 2011). For complex coal mining faces, the ray 55 
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tracing-based radio waves propagation (RTRWP) law can effectively describe the radio wave 56 

propagation environment (Zhao et al., 2013). In terms of imaging algorithms, an improved Land 57 

Weber method was derived by improving the condition number of the weighting matrix and 58 

introducing new L1 norm and the objective function of the regularization term, which has better 59 

performance in typical modes and improves the space resolution (Han et al., 2018; Liu et al. 2019). 60 

Among them, imaging with improved attenuation coefficient P can improve the detection accuracy 61 

in practical application (Liu et al., 2013), and phase tomography is considered as a rapid, effective 62 

new electromagnetic wave inversion method (Liu et al., 2013; Yu et al., 2011). In addition, 63 

determination of the initial field strength is also a useful attempt to improve the accuracy of radio 64 

wave tomography (Zhang et al., 2016), and the effective penetration width of the working surface 65 

can be determined from the initial field strength, absorption coefficient and background field 66 

strength (Xiao et al., 2017). Decades of research and application have proven that the 67 

electromagnetic wave method can effectively detect faults, collapsed columns, coal seam thinning 68 

areas, karst development, broken zones, and other geological hazards in coal seams (Hatherly et 69 

al., 2013; Li et al., 2015).  70 

Radio wave tomography is advantageous in simple operation and good detection success. 71 

However, there are still issues such as incomplete understanding of radio waves propagation law 72 

in coal seams, simplicity of the collected electromagnetic parameters, and low imaging accuracy 73 

(Xiao et al. 2017; Zhang et al., 2017). The cause for the low accuracy of radio wave tomography 74 

is partly the influence of coal seam undulations. At present, in the studies on the geological 75 

structure of underground coal seam working face with different computed tomography techniques, 76 

the undulation degree of coal seam between roadways is rarely considered, making a great 77 

difference in the actual results (Hu et al., 2019). Fully analyzing the propagation characteristics 78 

and influencing factors of the radio waves in undulating coal seams is an effective way to improve 79 

the cognition and exploration accuracy of radio wave field in coal seams. Due to the inclination, 80 

there is a certain elevation difference between the radio wave transmitters and the receivers. Thus, 81 

it is necessary to propose a tomographic imaging method that can eliminate the influence of 82 

elevation difference to eliminate the influence of coal seam undulation on radio wave imaging data 83 

processing and interpretation. In this study, based on ray tracing, we proposed a quasi-three-84 
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dimensional (3D) tomographic imaging technology to solve the deviation issue of imaging results 85 

caused by coal seam undulations to improve the accuracy of radio wave tomography. 86 

 87 

1 Introduction to the principle of radio wave tomography 88 

 89 

Radio wave tomography is a detection method by emitting radiofrequency electromagnetic 90 

waves. It has also been named as radio wave penetration method and electromagnetic wave 91 

tomography (Liu et al. 2020). Fullagar et al. collectively refer to it as the radio imaging method or 92 

RIM for short (Fullagar et al., 2000). Its main theoretical basis is energy attenuation tomography 93 

based on ray tracing, which uses sinusoidal electromagnetic waves as the emission source to obtain 94 

the distribution of the absorption coefficient of the medium. At present, the commonly used 95 

frequencies of mainstream electromagnetic wave penetration instruments are 88 kHz, 158 kHz, 96 

365 kHz, and 965 kHz (Xiao et al., 2017). The essence of the radio wave penetration imaging of 97 

the working face is to solve an ill-conditioned linear equation system (Liu et al., 2017). The 98 

intensity H of the electromagnetic wave in the coal seam at any point is expressed as:  99 
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                                                             (1) 100 

 101 

Fig.1 Schematic diagram of tomography grid (Liu et al., 2013) 102 

 103 

The imaging space in the working surface is gridded. In this area, a ray yi passes through the 104 

pixels with the field strength attenuation coefficients being x1, x2, ..., xn, and the intercepts on these 105 
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pixels being di1, di2,..., din. In this way, the electromagnetic wave energy attenuation value on 106 

the i-th ray path can be expressed as: 107 

1
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V                                                     (2) 108 

The energy attenuation value can be obtained from the measured value and the correction 109 

value  (Xiao et al. 2017):  110 
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                               (3) 111 

In the coal seam working face, the radio wave is emitted from multiple points, and the coal 112 

mining face is covered multiple times. By performing multi-point receiving measurement on each 113 

source, one can get the matrix equation of the following large sparse matrix: 114 
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 117 

2. Principle of radio wave tomography correction method for undulating coal seams 118 

2.1 The impact of coal seam undulation 119 

3D penetration tomography is a more feasible method to overcome the influence of coal seam 120 

inclination on radio wave tomography. But this method still has some unsolved difficulties in the 121 

inversion of the radio wave computed tomography in coal mines. Jackson et al. used boreholes on 122 

the ground construction to perform cross-hole velocity tomography for inversion to obtain the 3D 123 

structural characteristics of coal seams (Jackson et al. 1995). Due to the limited numbers of 124 

boreholes, the data density in the horizontal direction is not enough, which in turn causes the 125 

underdetermined problem of the velocity equation. The same problem also presents in the 3D radio 126 

wave tomography between two roadways. Since the signal source and receiver are both arranged 127 

i
HV

i
HV
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in the roadway, the data in the depth direction is not enough. Therefore, the underdetermined 128 

problem of the absorption coefficient equation is more serious. 129 

When performing radio wave penetration tomography of coal seam working surface, the data 130 

volume of radio wave penetration field strength is often insufficient due to the limitation of the 131 

test space. When performing 2D imaging inversion, because the coal seam undulation is not 132 

considered, the number of grids required for inversion is small, and the amount of data is just 133 

enough, as shown in Fig.2-1a. Therefore, when switching from 2D inversion to 3D inversion, 134 

multiple grids must be set in the Z direction, as shown in Fig.2-1b. Due to the lack of data, the rays 135 

can only pass through a part of the grids. For example, in Fig.2-1b, only grids 1 and 2 have data 136 

lines passing through, while grids 3 and 4 do not. This phenomenon will greatly aggravate the 137 

under-determinism of the matrix equation. 138 

 139 

 140 

 141 

Fig.2 Schematic diagram of the underdetermined equation of 3D tomography of coal seam 142 

working face 143 

 144 

2.2 The method to solve the influence of coal seam undulation 145 

3D penetration tomography requires sufficient data in the vertical direction. But the 146 

measurement conditions of the coal seam working face are unable to meet the requirement. Based 147 
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on the current technical conditions, we proposed a technical scheme similar to the 3D attenuation 148 

coefficient electromagnetic penetration tomography. The essence of this scheme is a simplified 3D 149 

inversion model, that is, a plate-shaped inversion model with only one large grid in the vertical 150 

direction. The solution adds an elevation parameter to make the ray tracing travel path more 151 

accurate. Meanwhile, the number of grids in the Z axis direction is 1, making the electrical model 152 

essentially 2D, thereby solving the problem of an underdetermined 3D attenuation coefficient 153 

equation.  154 

2.2.1 Ray tracing 155 

Ray tracing is a common forward modeling method with very concise and intuitive 156 

calculation. It is often used to indicate the ray propagation path in complex geological conditions. 157 

These methods are mostly based on the least attenuation between 3D adjacent grid nodes. For 158 

example, the 3D finite difference ray tracing method calculates and selects the minimum 159 

attenuation between seven adjacent grid nodes. Because the pseudo-3D model has only one grid in 160 

the Z direction, the 3D finite difference ray tracing is obviously not applicable. To this end, we first 161 

performed a 2D ray tracing on the XY plane of the model and brought in the even elevation 162 

difference between the source points and the receiving points to calculate the ray length in each 3D 163 

grid. The finite difference method first requires the numerical model to be meshed discretely. The 164 

equation is then constructed through the dB value of the known grid nodes. Solving the equation 165 

can obtain the dB value of other nodes in the grid. So, the dB value of adjacent nodes is obtained 166 

according to the above method, and the dB value of all grid nodes in the model is calculated by 167 

repeating the above process. According to the smallest change direction of the dB value, that is, 168 

the smallest attenuation coefficient, the propagation path of radio wave penetration in the model 169 

can be obtained. Further, according to the known relative position relationship between the source 170 

and the receiver, the length ij
d

of the i-th ray in the j-th grid can be obtained in 2D condition. 171 

Knowing the elevation difference i
h

 of the i-th ray, by adding the average of the total elevation 172 

difference to the passing M grids, one can get the ray length ij
D

 in 3D condition.  173 

 174 

2 2( )i
ij ij

h
D d

M
                                              (5) 175 
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 176 

2.2.2 Construction of the inversion equation and related calculation 177 

Based on the above ray tracing results, the expression of radio wave energy attenuation is 178 

1

( 1,..., )
M

i ij j

j

H D x i N


  V                                  (6) 179 

where j
x  is the electromagnetic wave energy attenuation coefficient in the j-th grid, ij

D is the length 180 

of the j-th grid on the i-th ray, N is the total number of rays, and M is the number of grids. 181 

At this time, a grid matrix A( N M ) can be established in the detection area, forming the 182 

following matrix equation: 183 

1
x A H

 V                                                 (7) 184 

Solving the coefficient matrix of Eq.7 can obtain the distribution information of the attenuation 185 

coefficient in the detection area. Many methods have been proposed to obtain the coefficient 186 

matrix. Of them, the most commonly used methods include the algebraic reconstruction technique 187 

(ART), simultaneous iterative reconstruction technique (SIRT), least square QR decomposition 188 

(LSQR), and singular value decomposition (SVD). Because SIRT has advantages such as better 189 

convergence speed, good calculation efficiency, and solution stability, it is adopted in the inversion 190 

calculation in this study. 191 

3. 2D numerical simulation experiments  192 

3.1 Theoretical basis of GprMax forward simulation 193 

GprMax software was used to carry out the numerical simulation calculation of the radio 194 

wave tomography. GprMax software is a 2D and 3D numerical simulation software for 195 

electromagnetic waves based on finite difference time domain (FDTD) algorithm and perfectly 196 

matching layer (PML) absorbing boundary conditions (Giannopoulos 1997; Yee 1966). The 197 

software can simulate the field distribution of electromagnetic waves in different relative 198 

permittivity media and anomalous body models to obtain electromagnetic wave response signals 199 

of underground layers and anomalies. 200 



 9 

3.2 Forward simulation of the horizontal coal seams 201 

To fully understand the propagation law and wave field characteristics of radio waves in coal 202 

seams, it is necessary to construct a 2D electrical property model of coal-measure formation and 203 

analyze the factors affecting radio wave propagation through electromagnetic wave simulation 204 

data. Table 1 shows the lithology of the coal seam as well as its roof and floor and the typical 205 

electrical parameters of non-magnetic conventional media (Jol 2011). 206 

Table 1 Parameters of media used in the model 207 

Items Relative permittivity εr Relative conductivity σ (ms.m-1) 

Coal 3 0.0001 

Sandstone (wet) 20 0.1 

Limestone 7 0.5 

 208 

The simulation model is 250 m × 100 m in size and symmetrical along the middle layer of 209 

the coal seam with a thickness of 10 m. The simulation grid step length is △x=△y=0.5m, and the 210 

simulation time window tw=30 µs. A continuous sinusoidal wave with a frequency of 1 MHz and 211 

an amplitude of 105 is emitted in the coal seam. The initial position of the emission source was set 212 

at the position (50m, 50m), and 30 receivers were set within the position (55 m-200 m) with a 213 

spacing of 5 m. The schematic diagram of the numerical model is as follows: 214 

                 215 

Fig.3 Numerical model for forward simulation of horizontal coal seam 216 
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 217 

Based on the above 2D model, the corresponding two-component numerical simulation 218 

signals are obtained. Fig.4 shows the ez component of the electric field and hx component of the 219 

magnetic field at the receiver at 70 m. 220 

   221 

(a) ez component diagram of the electric field    (b) hx component diagram of the magnetic field 222 

Fig.4 Signal diagram at 70 m of the horizontal model 223 

 224 

The numerical simulation results generally show the characteristics of the sine wave. At the 225 

first cycle of the sine wave, the waveform’s amplitude is modulated, which has a slight influence 226 

on the simulation results. Further, the hx component signals of each receiver in the same time 227 

period are transformed by fast Fourier transform. The amplitude A corresponding to the frequency 228 

of 1MHz in the transform result was selected to calculate the dB value of each received signal 229 

according to Eq.(8):  230 

20 log ( )dB A f                                                        (8) 231 
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 232 

Fig.5 Energy attenuation curve of hx component of the radio wave 233 

 234 

It can be seen from the curve of dB value with distance changing (Fig.5) that with the 235 

propagation of electromagnetic waves, the dB value of the hx component signal shows a regular 236 

attenuation trend before 150 m, which proves that the energy attenuation of radio waves 237 

propagating in the coal seam within the distance between the source and the receiver of 5 m-100 238 

m is in line with the approximate linear attenuation law: the fitting attenuation coefficient of the 239 

hx component is about 5.4 dB/m. After 150 m, the energy is too small. Thus, the calculation error 240 

leads to a decrease in the data signal-to-noise ratio. But in general, dB attenuation of the hx 241 

component signal of the radio wave in the coal seam shows an approximately linear relationship 242 

with the propagation distance. This law lays the theoretical foundation for radio wave penetration 243 

tomography. 244 

3.3 Forward simulation analysis of the inclined coal seam 245 

Several 2D models were constructed using the same medium material for the horizontal coal 246 

seam model to simulate the inclined coal seams of different inclinations. These models were 250 247 

m × 100 m in size and had a coal seam thickness of 10 m (Table 1). During the experiment, the 248 

grid step length is set at △x=△y=0.5 m, time window tw =30 µs, and the inclination as 1.1°, 3.4°, 249 

5.6°, 7.8°, 10°, 11.1°, 12.2°, 14.3°, and 16.4°, respectively. Fig.6 shows two numerical simulation 250 

models of coal seam with an inclination of 3.4° and 11.1°, in which the electromagnetic wave was 251 

emitted at 50 m and the distance between receivers was set at 5 m (55 m - 200 m). 252 
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   253 

a) The model with an inclination of 3.4°             (b) The model with an inclination of 11.1° 254 

Fig.6 2D numerical simulation model of coal seams with different inclinations 255 

 256 

 257 

 258 

a) The electric field component (ez) in the coal seam with an inclination of 3.4° 259 

b) The electric field component (ez) in the coal seam with an inclination of 11.1° 260 

Fig.7 Electric field in coal seams with different inclination at 70 m 261 

 262 

 263 

a) The magnetic field component (hx) in the coal seam with an inclination of 3.4° 264 

b)  The magnetic field component (hx) in the coal seam with an inclination of 11.1° 265 
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Fig.8 Magnetic field component in coal seams with different inclination at 70 m 266 

Based on the 2D numerical model of the inclined coal seam (Fig.6), the numerically simulated 267 

electric field ez distribution (Fig.7), as well as magnetic field hx distribution (Fig.8) of the inclined 268 

coal seams can be obtained. Compared with the electric field component of the horizontal coal 269 

seam in Fig.4(a), the inclination of the coal seam causes the reduction of the electric field 270 

component. As the inclination of the coal seam increases, the electric field component decreases, 271 

while the magnetic field component continuously increases. Therefore, it is more suitable to use 272 

radio wave magnetic component data for inversion in the exploration of coal seams with great 273 

inclination. 274 

Compared with the magnetic field component diagram of the horizontal coal seam in Fig.4(b), 275 

the inclination of the coal seam also affects the amplitude of the hx component. To facilitate the 276 

comparison with the 3D numerical simulation results, we selected the hx component signal at 100 277 

m in the numerical simulation result to calculate the dB value of the hx component of coal seams 278 

with different inclinations and analyzed the influence of changes in the inclination on the hx 279 

component. It can be seen from Fig.9 that at a position of 50 m from the horizontal source, as the 280 

inclination of the coal seam increases, the dB value of the hx component gradually decreases. 281 

 282 

 283 

Fig.9 Energy attenuation of hx component at 100 m with different inclinations 284 

 285 

3.4 3D numerical simulation experiment  286 
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The parameters of the 3D simulation model are determined based on the 2D numerical 287 

simulation results with comprehensive consideration of other factors such as the effective 288 

propagation distance of radio waves, the influence of the inclination, and the coal seam thickness. 289 

The size of the 3D electrical model is 100m×100m×50m, and the coal seam is inclined 11.1° and 290 

10 m thick. Table 1 lists the parameters of the surrounding rock and coal seam. The mesh size is 291 

1m×1m×1m. The radio wave sources and receivers are set on the two lines with positions of x=25m 292 

and z=25m as well as x=75m and z=35m, respectively. The source spacing and the receiver spacing 293 

are both 5m. Thus, there are a total of 17 sources and 17 receivers. Fig.10 shows the 3D numerical 294 

simulation model of the inclined coal seam and the observation system. Consistent with the 2D 295 

simulation, a continuous sinusoidal wave with a frequency of 1 MHz and an amplitude of 105 is 296 

emitted in the coal seam. The simulation time window tw is 30 µs. We performed Fourier transform 297 

on the hy component signal of each receiving point and selected the amplitude A corresponding to 298 

the frequency of 1MHz in the transform result to calculate the dB value of hy at each received 299 

signal according to Eq.(8). The component dB value is used for imaging calculation after azimuth 300 

correction. Based on the conventional 2D attenuation imaging method and the method described 301 

in Section 2.2, the conventional 2D attenuation imaging results and the imaging results with coal 302 

seam undulation correction are obtained, respectively (Fig.11).  303 

   304 

 305 

a) 3D model of a coal seam with an inclination of 11.1°  306 

b) Observation system of 3D radio transmission simulation model 307 

Fig.10 3D numerical simulation model and observation system 308 
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 309 

a) Results of conventional 2D electromagnetic wave attenuation coefficient imaging 310 

 311 

b) Results of the improved electromagnetic wave attenuation coefficient imaging 312 

 313 

Fig.11 Comparison of hy component numerical simulation imaging using different tomographic 314 

methods 315 

 316 

Fig.11a shows the results of the conventional 2D electromagnetic wave energy inversion 317 

using 3D inclined coal seam numerical simulation data. The inversion results show that the energy 318 

attenuation coefficient of the model is mainly concentrated at 5.55 dB/m, which is higher than 5.4 319 

dB/m of the horizontal coal seam. In the 2D imaging calculation, the distance between the source 320 

and receiver is a horizontal distance, which ignores the influence of the elevation on the 321 

propagation distance. The existence of the elevation difference enlarges the actual propagation 322 

distance between the source and receiver, so the inversion coefficient is larger than the actual 323 

attenuation coefficient. When the elevation difference is constant, the smaller the distance between 324 

the source and the receiver is, the greater the impact on the inversion results. The closer the 325 
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horizontal distance between the source and the receiver is, the greater the calculated attenuation 326 

coefficient and the more the deviation from the real value. 327 

Fig.11b shows the electromagnetic attenuation imaging result after elevation correction. 328 

Because this inversion method takes elevation into consideration, the inversion result is closer to 329 

the real value, which indicates that the approximate 3D tomographic inversion method basically 330 

eliminates the influence of the coal seam inclination on the tomographic inversion of 331 

electromagnetic wave attenuation coefficient. Numerical simulation experiments further verify the 332 

feasibility and effectiveness of the inversion method described in this study. 333 

 334 

4. Field Test 335 

4.1 Experiment site overview 336 

A coal mining face in Xieqiao mining area, Anhui Province, China, was selected as the 337 

experimental site. The coal seam mined at this working face is No. 8 coal seam with the thickness 338 

stabilized at 2.5 m and thinner local coal thickness due to structural influence. The overall shape 339 

of the working face is a monoclinic structure with the coal (rock) layer inclination angle being 15° 340 

on average, the elevation difference between the two detection roadways stabilized at about 50 m, 341 

and a simple geological structure. In the actual measurement experiment, the transmission radio 342 

wave energy attenuation coefficient in the coal seam is relatively small, which is more suitable for 343 

the verification of the imaging method described in this study. 344 

 345 

Figure 12 Contour map and comprehensive columnar shape of the measured coal seam working 346 

face floor 347 



 17 

4.2 Detection method and construction layout 348 

In the experiment, WKT-6 radio wave tunnel perspective instrument was used, and the 349 

transmitting source and receiving antenna with a frequency of 0.365 MHz were selected for 350 

detection. The detection method adopts the fixed-point intersection method. A total of 33 emission 351 

points were arranged every 80 m in the air inlet and return lanes. On the other side of the roadway, 352 

receiving points were arranged every 10m, corresponding to each emission point.  In addition, in 353 

the fan-shaped symmetrical section of another roadway, 21 receiving points were set up to ensure 354 

that each physical measurement point in the roadway was covered more than twice. 355 

 356 

Figure 13 Observation system and ray path of the actual experiment 357 

4.3 Test result comparison and analysis 358 

According to the results of the measured transmitted radio wave field strength, the parameter 359 

distribution in the coal seam working face was obtained by inversion. The higher the parameter is, 360 

the more stable the coal seam; the lower the parameter is, the greater the possibility of abnormality. 361 

The area delineated by the magenta dashed circle is the area where the coal thickness became 362 

thinner after mining the work face. The blue area in Figure 14a generally corresponds well to the 363 

coal thickness thinning area, indicating that radio wave exploration is highly sensitive to abnormal 364 

coal thickness. But at the same time, there are two areas that do not correspond well, namely A 365 

and B. The coal thicknesses in both A and B sections have become thinner, but the inversion 366 

parameter values appear to be high values, which are inconsistent with the actual situation. Figure 367 

14b shows the inversion result after terrain correction. The parameter values in the figure are 368 

slightly reduced as a whole. In areas A and B, the inversion value decreases significantly and 369 

coincides with the area where the coal thickness becomes thinner. The actual measurement 370 

experiments show that the terrain correction method has achieved good application effects. 371 
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 372 

 373 

(a) Inversion results of the measured field strength values using the conventional two-dimensional method 374 

 375 

 376 

(b) Inversion result of the measured field strength values using the improved method 377 

Figure 14 Comparison of the inversion results of the measured field strength using two different 378 

methods 379 

 380 

5. Conclusion 381 

1) The dB value of radio electromagnetic waves in the coal seam attenuates in an 382 

approximately linear manner, and the linear tomographic inversion is suitable for electromagnetic 383 

wave attenuation imaging. The inclination of the coal seam has a great influence on the energy 384 

attenuation of radio waves. As the inclination increases, the electric field component decreases 385 

gradually, and the magnetic field component increases gradually.  386 
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2) This study proposes to use an approximate 3D inversion method to eliminate calculation 387 

errors caused by coal seam undulation. 3D numerical simulation experiments and field test verified 388 

the feasibility and effectiveness of the inversion method to eliminate the error caused by the 389 

influence of the coal seam inclination on the tomographic inversion of electromagnetic wave 390 

attenuation coefficient. 391 
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