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Abstract Dispersion analysis is an important part of in-

seam seismic data processing, and the calculation accuracy

of the dispersion curve directly influences pickup errors of

channel wave travel time. To extract an accurate channel

wave dispersion curve from in-seam seismic two-compo-

nent signals, we proposed a time–frequency analysis

method based on single-trace signal processing; in addi-

tion, we formulated a dispersion calculation equation,

based on S-transform, with a freely adjusted filter window

width. To unify the azimuth of seismic wave propagation

received by a two-component geophone, the original in-

seam seismic data undergoes coordinate rotation. The

rotation angle can be calculated based on P-wave charac-

teristics, with high energy in the wave propagation direc-

tion and weak energy in the vertical direction. With this

angle acquisition, a two-component signal can be con-

verted to horizontal and vertical directions. Because Love

channel waves have a particle vibration track perpendicular

to the wave propagation direction, the signal in the hori-

zontal and vertical directions is mainly Love channel

waves. More accurate dispersion characters of Love

channel waves can be extracted after the coordinate rota-

tion of two-component signals.

Keywords Channel wave � Dispersion � S-transform �
Two-component � Coordinate rotation

Introduction

The channel wave seismology was promoted in China by a

German company in 2010. Since then, channel wave

exploration technology has rapidly developed, with applied

research now being actively performed in several coal

mines. The channel wave dispersion features of coal seams

with different thicknesses have led the Yima Coal Industry

Group and other research organizations to achieve

remarkable results in exploring coal seam thickness on

working faces using channel wave seismograph technology

(Hu et al. 2013; Wang et al. 2012a; Le et al. 2013). Dis-

persion is the clearest characteristic of channel wave sig-

nals, wherein the channel wave’s propagation velocity is a

function of its frequency (Evison 1955). The channel wave

is produced owing to the unique lithology combination of

the ‘‘roof–coal seam–floor’’ system (Krey 1963, 1982) and

contains valuable information on the coal seam and its

surrounding rocks (Buchanan 1978). The accuracy of the

dispersion calculation method is the key to the channel

wave exploration of coal seam thickness, because it

directly affects travel time pickup reliability and channel

wave tomography results (Chapman and Pratt 1992).

Cheng et al. (2012) and Yang et al. (2010) theoretically

obtained the channel wave dispersion curve using forward

modeling and analyzed the dispersion characteristics in

detail; however, the channel wave computation method has

not been sufficiently discussed. In this study, we mainly

propose a method for calculating the channel wave dis-

persion curve. The advantage of this method is that it

improves dispersion calculation accuracy using S-trans-

form and coordinate rotation.

The current seismic signal dispersion curve computation

method is adapted from surface-wave exploration methods

used in ground engineering. Multiple filtering and time–
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frequency analysis based on single-trace signal processing

are the most commonly used methods that conduct filter

processing in the frequency and time domains, respectively

(Cox and Mason 1988). Other commonly used methods are

based on multi-trace signal processing, such as the f–k

transformation method (two-dimension Fourier transform),

the s-p transformation method, and the phase shift method

(Buchanan and Jaskson 1983; Park et al. 1999). The f–k

transformation method requires the same data sampling

interval in both the space and time domains; it results in a

large error if the sample data have bad traces (Ren et al.

2009; Xia et al. 2004). The s-p transformation method

yields better results for higher order mode dispersion

curves, but is inferior for base-order modes in low-fre-

quency ranges (Shao and Li 2010). Although a dispersion

extracting method based on multi-trace processing can

obtain a more stable dispersion curve than that obtained via

single-trace methods, channel wave exploration needs to

analyze the dispersion characteristic of each trace. There-

fore, it is more practical to generate a more accurate

computation method for single-trace methods.

The group velocity and phase velocity of channel
wave

Channel waves can be viewed as complex vibration signals

formed via the mutual interference of several waves with

different frequencies that are propagating in the coal seam.

Because of dispersion, channel wave amplitude propagates

at an independent velocity. Thus, the propagation velocity

of the maximum amplitude in a coal seam is a group

velocity, and the signal propagation velocity in the same

phase is a phase velocity (Liu et al. 1994). The analysis of

channel wave dispersion is basically extracting the group

velocity or phase velocity curve from the channel wave

signal. Because of the mutual conversion between the

group and phase velocities, if one velocity is obtained, the

remaining velocity can be converted as follows:

u ¼ dx
dðx=cÞ ¼

dðckÞ
dk

¼ cþ k
dc

dk
; ð1Þ

wherein c is the phase velocity; u is the group velocity; and

k is the circular wave number.

This formula shows the relation between the group

velocity and the phase velocity. Seismic wave energy is

proportional to the square of the amplitude; therefore, the

seismic energy is mainly concentrated near the maximum

amplitude. Consequently, the group velocity is the wave

energy’s propagation velocity. Using time–frequency

analysis methods, the energy distribution can be acquired

from an energy spectrum map. Therefore, the group

velocity of the channel wave can be obtained.

The theoretical dispersion curve of channel wave

A channel wave can be subdivided into Love and Rayleigh

channel waves (Krey et al. 1982). Because the channel

wave seismograph widely used in Chinese coal mines is a

SUMMIT II system, the geophone has only two horizontal

components and cannot receive vertical components. The

Love channel wave is the main signal received by the

horizontal two-component geophone, whereas the Rayleigh

channel wave is not clear in this seismograph. At present,

Chinese mines mainly use Love channel wave dispersion

characteristics for coal seam thickness detection. The main

objective of this study was the Love channel wave. To test

the accuracy of an extracted channel wave dispersion

curve, we established a standard theory dispersion curve of

the channel wave to compare the methods. For the simple

roof–coal seam–floor three-layer model, sources and

receivers are set in the center of the coal seam. The Love

channel wave is also an SH wave that has particle vibration

in the horizontal plane perpendicular to the wave propa-

gation direction. Former studies have given the specific

formula for the propagation rule of Love channel waves

(Rader et al. 1985); therefore, we do not derive it here but

simply state it:

xd
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wherein d is the coal seam thickness; vs1 and vs2 are the

shear velocities of surrounding rocks and the coal seam,

respectively; l1 and l2 are the shear moduli of sur-

rounding rocks and the coal seam, respectively; x is the

circle frequency; CL is the phase velocity of the Love

channel wave; and n is the dispersion order. When

vs2 B CL B vs1 and when n = 0, dispersion is in the

base-order mode. Cheng and Zhu (Cheng et al. 2012)

demonstrated that the dispersion of channel waves is

mainly in the base-order mode (n = 0) when coal seam

thickness is less than 5 m. The Love channel wave

propagation equation shows that the phase velocity of

the coal seam channel wave is affected by coal seam

thickness and the seismic source’s excitation frequency.

Dispersion results from different frequency components

propagating at different speeds. In addition, the wave-

form length broadens as the propagation distance

increases. According to the measured petrophysical data

(Table 1) of the coal seam and formulas (1) and (2), the

theoretical Love channel wave group velocity dispersion
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curves were in base-order mode and established with

coal seam thicknesses of 1, 3, 5, and 7 m (Fig. 2).

As can be seen in Fig. 1, coal seam thickness sig-

nificantly influences dispersion. In the frequency range

0–500 Hz, the channel wave main energy distribution

interval, thicker coal seams have a faster group velocity

change with frequency. The thinner the coal seam, the

slower the velocity varied with frequency. Furthermore,

the group velocity decreases as frequency increases, and

wave velocity tends to be stable close to the shear wave

velocity with increasing frequency to a certain extent.

The computation method of dispersion curve

We used a time–frequency analysis method based on single

traces to calculate the dispersion curve. Time–frequency

analysis methods mainly include short-time Fourier trans-

form (STFT), which confines the results to a fixed resolu-

tion, and the Wavelet Transform (WT), which has

difficultly with scaling corresponding directly to the fre-

quency information. To solve these problems, Stockwell

(1996) proposed the S-transform (ST) method based on a

previous research. The ST method combines the advan-

tages of the STFT and WT methods, overcoming STFT’s

inability to adjust window frequency, having multiple

resolutions like WT, and possessing a definite time–fre-

quency concept.

First, we assumed that the channel wave signal can be

defined as s(t) and that the general formula corresponding

to ST is as follows:

STðt; f Þ ¼
Z þ1

�1
sðsÞwðs� tÞe�j2pf sds; ð3Þ

wherein ST(t, f) is the ST of signal s(t); t and f are time and

frequency, respectively; s is the center of the window

function; and w(t) is the window function, which is defined

as the Gaussian function that changes with frequency and it

is expressed as follows:

wðtÞ ¼ fj j
ffiffiffiffiffiffi

2p
p e�

f2 t2

2 : ð4Þ

Therefore, ST transforms as follows:

STðt; f Þ ¼
Z þ1

�1
sðsÞ fj j

ffiffiffiffiffiffi

2p
p e�

f 2ðs�tÞ2
2 e�j2pf sds: ð5Þ

Consequently, ST can be considered to use the multi-

scale Gaussian window as a filter (Fig. 2). The resolution

of the frequency domain can be improved using small-scale

window filtering in the low frequencies of the channel

wave signal, and the resolution of the time domain can be

improved by increasing the frequency domain window

width and reducing the time domain window scale for high

frequencies. Thus, ST improves the channel wave signal

time–frequency analysis accuracy via adaptively modulat-

ing the filter window based on signal resolution

characteristics.

The Gaussian window function of ST proposed by

Stockwell is controlled by frequency and the window width

cannot be freely changed. Pinnegar and Mansinha (2003)

and Gao et al. (2004) improved the window function via

implementing adjustment coefficients, which resulted in a

freely changing window width. Because there are different

types of transform windows, this is collectively referred to

Table 1 Model petrophysical

parameters (Wang et al. 2012a)
Model Shear velocity Vs (m/s) Shear modulus l (Gpa) Dispersion order n

Roof rock 2300 3.5 0

Coal seam 1089 1.6 0

Floor rock 2300 3.5 0

Fig. 1 Theoretical dispersion curves for coal seams with different

thicknesses

Fig. 2 Schematic diagram of S-transform
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as a generalized S-transform (GST) (Wang et al. 2012b).

Based on the idea of GST, this study controls the width of

the window via increasing the adjustment coefficient. The

redefined window function is expressed as follows:

wðtÞ ¼ fj j
ffiffiffiffiffiffi

2p
p e�kðf Þf

2 t2

2 ; ð6Þ

wherein k(f) is a function of the adjustment coefficients and

a linear function of the frequency, defined as follows:

kðf Þ ¼ aþ bf ; ð7Þ

wherein parameters a and b are constants used to control

the ST window width. The Gaussian window adjustment

coefficients linearly increase with the increase of a and b
(Fig. 3).

The Gaussian window width can be freely controlled via

changing the parameters of the adjustment coefficients. a
dictates the range of the Gaussian window width, with

larger values creating narrower windows, and b adjusts the

Gaussian window boundary slope, with larger values

yielding a steeper window boundary (Fig. 4).

The time–frequency energy scattergram was obtained

after the ST on the channel wave. Time can be converted to

velocity using Eq. (8), because the relation between

velocity and frequency generally needs to be analyzed later

when calculating the dispersion curve. According to the

above concept of channel wave velocity, this velocity is

also the group velocity:

uðf Þ ¼ x=t; ð8Þ

wherein x is the distance from the seismic source to the

detector. By combining formulas (6), (7), and (8), and

substituting them into formula (3), we obtain the ST for-

mula of velocity–frequency of channel wave signal:

ST
x

u
; f

� �

¼
Z þ1

�1
sðsÞ fj j

ffiffiffiffiffiffi

2p
p e�ðaþbf Þf

2 s�x
uð Þ2

2 e�j2pf sds; ð9Þ

wherein u is the propagation group velocity of the

channel wave, and the other variables are defined above.

The diagram of the channel wave group velocity and

frequency can be obtained if all the data points of single

trace are transformed using the above formula. After

converting time to velocity using the distance from

source to receiver, we note that the original time sam-

pling points are no longer equally spaced in the velocity

domain. It is thus necessary to re-interpolate the grid

before mapping, and the line of maximum energy is the

corresponding dispersion curve.

Dispersion curve computation of the theoretical
model

The forward model used dispersion curve data from the 3-

m-thick coal seam in Fig. 2. We set the known dispersion

curve to vðf Þ and assumed that the seismic wavelet exciting

by source points can be expressed by the following func-

tion (Gaždová and Vilhelm 2011):

wðt; fiÞ ¼ ae�bt sinð2pfitÞ; ð10Þ

wherein a and b are constants representing the amplitude

coefficient and damping coefficient, respectively, which

control the amplitude and attenuation speed of seismic

wavelets.

The velocity, vi ¼ vðfiÞ, is a function of frequency with

the changing frequency. The delay time of the seismic

wavelet can be calculated at a different frequency (fi) when

the distance (x) from the source to receiver points is given:

Dti ¼
x

vi
: ð11Þ

The sum of the seismic wavelets of all frequencies can

synthesize the dispersion seismic waveform. The formula

of the synthetic seismogram (sðt; xÞ) is defined as follows:

sðt; xÞ ¼
X

n

i¼1

w t þ x

vðfiÞ

� �

Fig. 3 Adjustment coefficients with various parameters

Fig. 4 Effects of various parameters on the Gaussian window
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¼
X

n

i¼1

ae
�b tþ x

vðfiÞ

� �

sin 2pfi t þ x

vðfiÞ

� �� �

; ð12Þ

wherein n is the number of all data points of a known

dispersion curve and x is the distance from the source to the

receiver. Using the dispersion synthetic seismogram for-

mula, we then obtained the forward model (Fig. 5). In

addition, source excites on the left and the spacing of

seismic traces is 10 m.

Taking the data of the 15th trace in the synthetic seismic

record (Fig. 5) as an example to compute dispersion, dif-

ferent values of a and b could be analyzed via adjusting the

coefficients. When we set a to 0.8 and b to 0.01, energy

was concentrated in the dispersion diagram (Fig. 6a), and

the line linking the maximum points (red zones) was

consistent with the theoretical dispersion curve of a 3-m-

thick coal seam (Fig. 1). The energy became more dis-

tributed in the dispersion diagram when a and b were

varied, indicating that the signal dispersion computational

accuracy could be controlled via adjusting the Gaussian

window.

Two-component signal dispersion analysis
of channel waves

At present, most channel wave seismographs used in Chi-

nese coal mines rely on a horizontal two-component (x and

y) geophone, wherein the x component is parallel to the

coal wall and the y component is vertical to the coal wall.

Because the azimuth of the seismic wave that propagated

from the source to the receiver was different, the channel

wave was not clear. To unify the propagation direction of

the signal received by a two-component geophone, a

polarization filtering method can be used with high preci-

sion (Feng et al. 2015); however, this method is complex.

We, therefore, adopted the coordinate rotation method to

solve the problem in this study. After rotation, the channel

wave horizontal propagation is defined as x’ and the ver-

tical propagation is defined as y’. The coordinate rotation

formula is given as follows:

x0 ¼ x cos hþ y sin h
y0 ¼ y cos h� x sin h

�

; ð13Þ

wherein h is the angle of the coordinate rotation, x and y are
the original component signals, x’ is the horizontal prop-

agation direction of the channel wave, and y’ is the signal

perpendicular to the channel wave’s horizontal propagation

direction.

We calculated h using the P-wave propagation energy

criterion. In addition to the channel wave, the seismic wave

signals received from the coal seam also contained aFig. 5 Forward model with seismic dispersion. The red trace is used

for method test

Fig. 6 Dispersion maps with different values for a and b
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P wave (refraction wave), which arrives first (Fig. 7). The

two-component channel wave signal in Fig. 8 is actual

acquisition data. The first received vibration (50–70 ms)

recorded in the x and y component received by the geo-

phone was the P wave, and the most obvious Airy phase in

the channel wave signal was received at 185–225 ms. The

channel wave, the vibration of which is perpendicular to

the vertical wave propagation direction, existed in both

x and y components, because the relation between particle

vibration direction and wave propagation direction was

indeterminate.

As observed from the P-wave propagation law, vibration

direction is consistent with the wave propagation direction,

and the P wave has maximum energy in the propagation

direction and minimum energy in the direction perpen-

dicular to wave propagation. Seismic wave energy is pro-

portional to the square of amplitude. Therefore, the P-wave

energy is defined as PxðhÞ in the wave propagation direc-

tion and PyðhÞ in the direction perpendicular to wave

propagation:

PxðhÞ ¼
Pn

i¼1 ðx0iÞ
2 ¼

Pn
i¼1 ðxi cos hþ yi sin hÞ2

PyðhÞ ¼
Pn

i¼1 ðy0iÞ
2 ¼

Pn
i¼1 ðyi cos h� xi sin hÞ2

�

; ð14Þ

wherein n is the number of data points and the azimuth is

the angle of the seismic wave, h, with regard to the coor-

dinate rotation when PxðhÞ takes the maximum value and

PyðhÞ takes the minimum value. The objective function

MðhÞ is defined as follows:

MðhÞ ¼
Pn

i¼1 ðyi cos h� xi sin hÞ2
Pn

i¼1 ðxi cos hþ yi sin hÞ2
: ð15Þ

When MðhÞ takes the minimum value, h correspond-

ingly is the angle to examine. The prerequisite of taking the

minimum value is
oMðhÞ
oh ¼ 0 and the rotation angle h can be

calculated using the following equation:

h ¼ 1

2
arctan

2
Pn

i¼1 xiyi
Pn

i¼1 ðx2i � y2i Þ

� �

: ð16Þ

According to formula (16), when using P-wave data, the

angle h that the component needs to rotate is 105�. The

signal after rotation is shown in Fig. 9, and it can be seen in

the diagram that the energy of the P wave is the strongest

in the direction parallel to the horizontal component and

weakest in the direction perpendicular to the horizontal

component. Similarly, the channel wave (SH wave), in

which the particle vibration direction is perpendicular to

the wave propagation direction, has the strongest energy

and most recognizable feature in the direction perpendic-

ular to the horizontal component after rotation.

The P-wave signal data points of the x and y compo-

nents can be marked and linked onto a curve according to

the values and symbol of sample points in Cartesian

coordinates before and after rotation (Fig. 10). The P-wave

vibration direction is consistent with the wave propagation

direction in an ideal case without interference, and the path

of a particle should be a straight line. However, distur-

bances produced by random noise mean that this is a very

flat ellipse. The angle between the long axis of the ellipse

and the x-axis is the angle h between the P-wave particle

vibration direction and the x-axis. It can be seen that this

angle is approximately 105� before rotation. In addition,

the P-wave particle vibration direction is consistent with

Fig. 7 Channel wave schematic diagram

Fig. 8 Original signal received by two-component seismic detector.

The first signal received was the P wave (50–70 ms), and the most

obvious Airy phase was received at 185–225 ms

Fig. 9 Seismic signal after coordinate rotation. The original signal is

shown in Fig. 8

762 Acta Geophys. (2017) 65:757–764

123



the x-axis direction (wave propagation direction) after

coordinate rotation.

The signal recorded by the y’ component after coordi-

nate rotation is considered to be the Love channel wave,

because the particle vibration direction of the Love channel

wave is perpendicular to the wave propagation direction.

We then calculated the dispersion of signals in the x and y

components (Fig. 11a, b) and compared the results before

and after coordinate rotation. The relation between the

particle vibration direction and wave propagation direction

is unclear. The original signal contained several different

seismic waves such as a P wave, an S wave, and a channel

wave. Consequently, the dispersion rule for the dispersion

map was not obvious, and the line linking maximum

energy points was divergent and discontinuous. After

coordinate rotation, the Love channel wave was mainly

concentrated horizontally in the vertical component.

Finally, the dispersion characteristic was obvious, and as

clearly shown in Fig. 11c, it is consistent with the char-

acteristics of the theoretical dispersion curve (Fig. 1).

Conclusions

We gave the dispersion calculation formula of a channel

wave with two components in the frequency–velocity

domain based on the ST time–frequency analysis method.

According to the analysis of dispersion curves in theoret-

ical models and real data, we can draw several conclusions,

which are as follows:

1. The calculation accuracy of the dispersion curve of the

channel wave signal can be improved using linear

adjustment parameters that change the ST Gaussian

window width.

2. The P-wave energy distribution criterion in a two-

component geophone shows that seismic wave prop-

agation direction and polarization angle can be calcu-

lated, and that the Love channel wave signal that

horizontally vibrates in the vertical component can be

obtained after coordinate rotation.

3. The dispersion characteristics of the channel wave

signal were obvious and the channel wave velocity was

largely influenced by frequency and coal seam thick-

ness. Furthermore, the channel wave velocity rapidly

decreased when the frequency increased.
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Fig. 10 P-wave particle vibration vectorgraph

Fig. 11 Dispersion maps of the channel wave before and after
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Gaždová R, Vilhelm J (2011) DISECA—a Matlab code for dispersive

waveform calculations. Comput Geotech 38(4):526–531

Hu GZ, Teng JW, Pi JL (2013) In-seam seismic exploration

techniques—a geophysical method predicting coal–mine disas-

ter. Prog Geophys 28(1):439–451

Krey TC (1963) Channel waves as a tool of applied geophysics in

coal mining. Geophysics 28(5):701–714

Krey TC, Arnetzl HH, Knecht M (1982) Theoretical and practical

aspects of absorption int the application of in-seam seismic coal

exploration. Geophysics 47(12):1645–1656

Le Y, Wang W, Shen QC (2013) Application of ISS in detection of

small structures in working face. Coal Geol Explor 41(4):74–77

Liu TF, Pan DM, Li DC (1994) In-seam seismic exploration. China

University of Mining and Technology Press, Xuzhou, pp 57–59

Park CB, Miller RD, Xia JH (1999) Multi-channel analysis of surface

waves. Geophysics 64(3):800–808

Pinnegar CR, Mansinha L (2003) The S-transform with windows of

arbitrary and varying shape. Geophysics 68(1):381–385

Rader D, Schott W, Rresen L et al (1985) Calculation of dispersion

curves and amplitude-depth distributions of love channel waves

in horizontal-layered media. Geophys Prospect 33(6):800–816

Ren YP, Li DC, Kang YG (2009) F-K dispersion analysis of love

guided waves in three layered symmetry model. Coal Geol

Explor 37(1):69–71

Shao GZ, Li QC (2010) Joint application of s -p and phase-shift

stacking method to extract ground wave dispersion curve. Oil

Geophys Prospect 45(06):836–840

Stockwell RG, Mansinha L, Lowe RP (1996) Localization of the

complex spectrum: the S transform. IEEE Trans Signal Process

44(4):998–1001

Wang W, Gao X, Li SY (2012a) Channel wave tomography method

and its application in coal mine exploration: an example from

Henan Yima Mining Area. Chin J Geophys 55(3):1054–1062

Wang Y, Xu XK, Zhang YG (2012b) Characteristics of P-wave and

S-wave velocities and their relationships with density of six

metamorphic kinds of coals. Chin J Geophys 55(11):3754–3761

Xia JH, Chen C, Li PH (2004) Delineation of a collapse feature in a

noisy environment using a multichannel surface wave technique.
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