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Abstract. Using a discrete wavenumber method, we examine the effects on Logging-While-Drilling (LWD) logs when a
mismatch exists between the amplitudes or generating times of the signals from individual monopoles in a LWDmultipole
source. An amplitude-mismatched LWD dipole/quadrupole source produces non-dipole/non-quadrupole modes as well as
flexural and screw modes. The strongest of non-dipole/non-quadrupole modes is the Stoneley mode, whose amplitude
increases with increasing mismatch. However, we can recover the flexural mode signals by A-C processing, and the screw
mode by A-B+C-D processing, respectively. The Stoneley mode, which has the same amplitude at the same radial
distance from the borehole axis, is cancelled out by A-C and A-B+C-D processing as long as the tool is placed at the
centre of theborehole.The responses froma time-mismatchedLWDmultipole source look like the summationof responsesby
two or four monopole sources off the borehole axis. However, we can avoid the misinterpretation of the formation velocities
by referring to the computed dispersion curves, which are independent of the arrival times of the modes, on the frequency
semblance plot.
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Introduction

During surveys of underground resources, such as petroleum and
natural gas, acoustic logging offers high-resolution data about
formation properties, such as compressional wave velocities,
shear wave velocities, and porosities in the target area. Since
1980, full waveform logging, where all waveforms recorded
during a certain time are analysed to provide additional
information, such as permeabilities and anisotropy properties
of the medium, has frequently been used in exploring for
petroleum and natural gas and in evaluating reservoir
properties (Paillet and Cheng, 1991).

Recently, Logging-While-Drilling (LWD) tools, designed to
attach to the drill collar, have received attention because of their
advantages in engineering and economics. By carrying out
logging while drilling, we can improve sonic measurements
while avoiding formation alteration (e.g. mud cake) or hole
enlargement problems that arise occasionally in wireline
logging performed after drilling. In addition, real time
measurements of rock acoustic properties may provide a
warning of a possible overpressure zone ahead of the drill bit.

The centre part of a LWD tool is open, for the conduit of
drillingmud.Accordingly, a bender or amovable cylinder cannot
be used for a dipole source as in a wireline tool. Kurkjian and
Chang (1986) showed that a multipole source of order n could be
constructed from2nmonopoles (point sources) placed in the same
horizontal plane. The monopoles are positioned periodically
along the circle and alternate in sign. In a commercial LWD
system, a dipole source is constructed of two point sources of
opposite sign and a quadrupole source is constructed of four point
sources of alternate sign at right angles to each other. Amonopole
source can be implemented by four point sources of the same sign
as well as a ring source.

Tomake an ideal LWDdipole source, signals producedby two
monopole sources must have the same amplitudes and must be
generated at the same time. However, in practice, monopole
sources can fail to produce signals with the same amplitude or
to generate those signals at the same time.

In this study, we have investigated and analysed the effects of
the defective dipole or quadrupole source on the LWD log. We
examined the cases of mismatch between the amplitudes and in
the generating times of the monopoles constructing a multipole
source separately. To model the seismogram of a LWD tool, we
used a discrete wavenumber method (e.g. Cheng and Toksöz,
1981; Tubman et al., 1984; Schmitt and Bouchon, 1985).

Monopole receiver array system and numerical modelling
of the LWD system

In a commercial LWD system, multipole sources are built using
two or four monopole sources. The monopole and multipole
components can be acquired by subtracting or adding the
responses at four monopole receiver arrays. If we call the
responses at these receiver arrays A, B, C, and D depending
on their locations relative to the point sources (shown inFigure 1),
the dipole component of the response can be obtained by forming
A-C, the quadrupole component byA-B+C-D, and themonopole
component by A+B+C+D, respectively.

Whenwe simulate the responses of a wireline tool, we assume
that the sources and the receivers of the tool are located on the
borehole axis, and compute the responses as if recorded on the
borehole axis (e.g. Tubman et al., 1984; Kurkjian and Chang,
1986). However, the centre of the LWD is open for the conduit of
mud, so we cannot put sources and receivers on the axis of the
borehole. A LWD tool divides the borehole fluid into two fluid
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columns and its responses should be calculated in the fluid
between the tool and the formation, not on the borehole axis.
In addition, thefluid inside the tool should be considered (e.g.Rao
et al., 1999; Rao and Vandiver, 1999).

In this study, to compute the responseof amultipole source,we
combine the responses due to individualmonopole sourceswhich
make up themultipole source. For example, in the case of a dipole
source, the responses at one receiver array were calculated by
adding the response due to the positive point source and the
response due to the negative point source making up the dipole
source. The separate calculation of the responses for each
point source allows us to simulate the multipole source
mismatches in amplitude or generating time easily. Therefore,
the computation of the responses of LWD in this study was
performed based on the responses due to a point source placed off
the axis of the borehole.

Wavefields produced by a point source off the borehole axis

Tadeu (1992) found expressions for the 3D wavefield generated
by an off-centred point pressure source in a fluid-filled borehole.
Consider a cylindrical fluid-filled borehole buried in a
homogeneous elastic medium of infinite extent. When a
harmonic point source oscillating with a frequency o is placed
off the borehole axis, the incident dilatational potential,’, can be
written in terms of waves at the origin; in cylindrical coordinates:
when r < r0,

’incðo; r; �; kzÞ ¼ �iA
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when r > r0,

’incðo; r; �; kzÞ ¼ �iA

2

X¥

n¼ 0

ð�1Þn"nH ð2Þ
n ðkarÞJnðkar0Þcosðn�Þ;

ð1bÞ
where A is the amplitude, Jn(. . .) are Bessel functions of order n,
Hn

(2)(. . .) are Hankel functions of the second kind and order n, � is
the azimuth, and

"n ¼
1 if n ¼ 0

2 if n 6¼ 0:

�

r =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
is the radial distance to the receiver, r0 is the radial

distance from the cylindrical axis to the source, and cos �= x/r,
sin �= y/r.

In the (o, kz) domain, the scatteredfield in thefluidbetween the
LWD tool and the formation can be expressed as
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where index f,3 indicates the fluid between the LWD tool and the
formation, and
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o2

a2f
� k2z :

s

An,3 and Bn,3 are also determined from boundary conditions. The
total field recorded at the receiver is the sum of the incident field
and the scattered field in the fluid between the tool and the
formation:

’tot ¼ ’inc þ ’ f ; 3
sca : ð3Þ

The effects of amplitude mismatch in the multipole source

Asmentioned in the previous section, potential problemsofLWD
multipole sources arise from the differences in the amplitudes and
in the generating times of the signals produced by individual
monopole sources which make up the LWD multipole sources.
In this section, to begin with, we investigate by numerical

Fig. 1. Construction of a Logging-While-Drilling monopole, dipole, and
quadrupole sourcewith point sources. (a)Monopole source (b) Dipole source
(c) Quadrupole source.

Table 1. Model parameters used in Logging-While-Drilling
simulations.

Borehole fluid Tool (steel) Formation
Soft Hard

VP (m/s) 1500 5940 2000 4210
VS (m/s) 0 3220 1000 2655
Density (t/m3) 1.0 7.84 2.0 2.14
Source (kHz) 1.5, 4 1.5, 6.5

Table 2. The centre frequencies of the source and the amount of the
amplitude mismatch used in the simulations.

Type Formation
near

borehole

Centre
frequency

of source (kHz)

Rate of amplitude
mismatch (%)

Dipole soft formation 1.5 0.5, 1, 2, 5, 10, 20, 50
hard formation 1.5 5, 10, 20

Quadrupole soft formation 4 5, 10, 20
hard formation 6.5 5, 10, 20

B

A

D

C

B

A

D

C

Center

Dipole source Quadrupole source

Center

Fig. 2. Logging-While-Drilling tools with multipoles constructed of
monopoles with different amplitudes.
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experiments the influences on the LWD responses due to
mismatched amplitudes.

Numerical modelling

Table 1 shows the material properties used in the numerical
simulations. We assume that a LWD tool is made of steel, and
the effects of amplitude mismatch in a multipole source were

examined for both soft and hard formations. We also assume that
the fluid in the borehole is water. For the source, we used Ricker
wavelets with centre frequencies of 1.5 kHz for dipole sources,
4 kHz for quadrupole sources in soft formations, and 6.5 kHz for
quadrupole sources in hard formations (Table 2). Each receiver
array had seven receivers spaced at 0.15m. The distance between
the source and the first receiver was 1.37m. The diameter of the
borehole was 0.21m and the inner and outer diameters of the
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Fig. 3. The change in the frequency spectra of the responses at the receiver arrayAas the amount of amplitudemismatch
increases, for a Logging-While-Drilling dipole source in a soft formation. The individual curves in each panel represent
the response at individual detectors within the array.
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Logging-While-Drilling dipole source in a soft formation.
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LWD tool were 0.048m and 0.18m, respectively. Equations (1)
to (3) show that the response of a monopole source placed away
from the borehole axis is to be calculated by summing all
components from n= 0 to n =¥. In this study, we summed
from n = 0 to n= 15 because contributions from higher values
of n were negligible. Numerical simulations were performed for
dipole and quadrupole sources. To simulate amplitude-
mismatched multipoles, the amplitude of the monopole source
above receiver array C was made smaller than those of other
monopole sources (Figure 2). The amplitude was reduced by 0.5,
1, 2, 5, 10, 20, and 50% for a dipole source in a soft formation
and 5, 10, and 20% for other cases.

Amplitude-mismatched dipole and quadrupole sources
in soft formations

Whenwe use an ideal dipole source, only the n= 1mode (dipole)
and n= 3, 5, 7, . . .mode responses are generated in the borehole.
However, because the modes of higher orders than n= 1 have
negligible amplitudes and higher cut-off frequencies, we cannot
see those highermodes in this computation.When the amplitudes
of the monopole sources in a LWD dipole are not the same,
however, non-dipole (n„ 1)modes are produced aswell as dipole
mode responses. The contamination by non-dipole (n„ 1) mode

energy is shown clearly in the frequency spectrumof the response
from receiverA (Figure 3). Themismatch amount of 0% indicates
the case of an ideal dipole source. As shown in Figure 3, Stoneley
(n= 0) mode energy appears at low frequencies when source
amplitudes are mismatched, and its energy becomes more
dominant as the mismatch amount increases. However, the
flexural mode is still more dominant than the Stoneley mode
even at 50% mismatch. The responses of receiver array C have
similar patterns.

In practice, when a tool has a four-receiver array system, we
acquire the dipole mode by subtracting the response C from A
(A-C). The frequency spectra of theA-C response are displayed in
Figure 4. As shown in the figure, the Stoneley mode is
significantly suppressed after A-C processing. The amplitude
of the Stoneley mode is the same at the same radial distance from
theborehole axis. Thus, it is cancelled out byA-Cprocessing. The
amplitude spectrum of the flexural mode decreases with
increasing amplitude mismatch, because some of the energy is
converted into Stoneley mode vibration.

We have compared numerical results of amplitude-
mismatched LWD multipole sources to those of amplitude-
mismatched wireline multipole sources (Byun et al., 2005).
Figure 5 (Figure 3 in Byun et al., 2005) shows the change in
the frequency spectra of the responses at monopole receiver array
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Fig. 7. The change in the frequency spectra of the responses at receiver arrays A, B, C, D and the result of A-B+C-D processing as the amount of amplitude
mismatch increases, for a wireline quadrupole source in a soft formation (after Byun et al., 2005).
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A with increasing of amplitude mismatch in a wireline dipole
source. In the case of the wireline tool, the Stoneley mode energy
increases rapidly with increasing mismatch amount. When the
mismatch amount is 5%, the Stoneley mode is already stronger
than the flexural mode. The difference in the amplitude of the
Stoneley mode generated by a LWD tool and by a wireline tool
comes from the positions of the receivers. Receivers in a LWD

tool are located close to the borehole wall, whereas receivers in a
wireline tool are located nearly at the centre of the borehole. The
higher mode has higher amplitude near the borehole wall and its
amplitude decreases more rapidly approaching the borehole axis.
Thus, the Stoneley mode appears weaker in LWD responses
compared to wireline responses. As in the case of the amplitude-
mismatched LWD dipole source, Stoneley modes are cancelled
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out byA-Cprocessing, andonlyflexuralmodes remain in the case
of the amplitude-mismatched wireline dipole source (Byun
et al., 2005).

Figure 6 shows the frequency spectra of the responses at
receiver arrays A, B, C, and D due to an amplitude-
mismatched LWD quadrupole source, and the result of
A-B +C-D processing with which we obtain a quadrupole
component in practice. As shown in Figure 6, when there is
mismatch between the amplitudes of the monopole sources
making up a LWD quadrupole source, the non-quadrupole
(n„2) modes are excited along with the screw mode but their
amplitudes are negligible. Of the non-quadrupole modes, the
Stoneley mode is the strongest, and becomes stronger as the
mismatch increases. However, the Stoneley mode has very little
energy and even this is cancelled out by A-B +C-D processing as
in the case of the mismatched dipole source. The responses from
the amplitude-mismatched wireline quadrupole source show
similar patterns to those from the LWD quadrupole source
except that the Stoneley mode has significant amplitude in the
responses at each receiver array (Figure 7).

Amplitude-mismatched dipole and quadrupole sources
in hard formations

As shown in Figure 8, when an amplitude mismatch exists in a
LWD dipole source in a fluid-filled borehole surrounding by a

hard formation, non-dipole modes including the Stoneley mode
are excited. However, the Stoneley mode is cancelled out by A-C
processing and only flexural mode remains as in the case of a soft
formation (Figure 9).

In the case of a LWDquadrupole with an amplitudemismatch
in a hard formation, the result is again similar to the case in a
soft formation; the Stoneley mode, among non-quadrupole
modes, can be identified in the frequency spectra of the
responses at receiver arrays. However, the amplitude of the
Stoneley mode is almost negligible (Figure 10). In addition,
the n= 6 mode is shown because the centre frequency of the
source is higher than that in a soft formation. The n = 6 mode
can be produced by an ideal quadrupole source (Kurkjian and
Chang, 1986).

The effect of time mismatch of the multipole source

In this section, we examine the responses when signals of
monopole sources have the same amplitude but are generated
at different times.

Numerical modelling

The parameters used in numerical experiments for timemismatch
are the same as those for amplitude mismatch. To investigate the
effects caused by mismatched generating times, we made the
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Fig. 10. The change in the frequency spectra of the responses at receiver arrays A, B, C, D and the result of A-B+C-D processing as the amount of amplitude
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monopole source above the receiver array C be delayed
generating the signal by 0.025, 0.1, 0.25, and 0.5ms.

Time mismatched dipole source in a soft formation

Figure 11 shows the change in the seismograms and the time
domain semblance plots (Yilmaz, 1987) of the results of A-C

processing as the amount of mismatch in generating time is
increased, for a dipole LWD source in a soft formation. In the
case of a dipole source, the two monopole sources that make
up the dipole are placed off the axis of borehole and have
opposite polarities, and transmit signals delayed by a short
interval. Therefore, as shown in the figure, waveforms become
more complicated with increasing delay time, and additional
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peaks appear on the time-domain semblance plot. These
additional peaks can be obstacles to the interpretation of
recorded data.

The frequency spectra and frequency-domain semblance plots
(Nolte et al. 1997) ofwaveforms displayed inFigure 11 are shown
in Figure 12. As shown in the figure, the frequency spectra are

Time (ms)

1.37

4000

3000

2000

1000

0 1 2 3 4 5
Time (ms)

0 1 2 3 4 5
Time (ms)

0 1 2 3 4 5
Time (ms)

0 1 2 3 4 5

Time (ms)

P
ha

se
 v

el
oc

ity
 (

m
/s

)

0 5
Time (ms)

0 5
Time (ms)

0 5
Time (ms)

0 5

1.52

1.68

1.83

1.98

2.13

2.29
D

is
ta

nc
e 

(m
)

A-B + C-D (0.025 ms) A-B + C-D (0.1 ms) A-B + C-D (0.25 ms) A-B + C-D (0.5 ms)

A-B + C-D (0.025 ms) A-B + C-D (0.1 ms) A-B + C-D (0.25 ms) A-B + C-D (0.5 ms)

Fig. 13. The change in the seismograms and the time domain semblance plots of the results ofA-B+C-Dprocessing
as the amount of time mismatch increases, for a Logging-While-Drilling quadrupole source in a hard formation.

A-B + C-D (0.025 ms) A-B + C-D (0.1 ms) A-B + C-D (0.25 ms) A-B + C-D (0.5 ms)

A-B + C-D (0.025 ms)

0
500

1000

1500

2000

2500

3000

3500

4000

4500

P
ha

se
 v

el
oc

ity
 (

m
/s

)

Frequency (Hz)
5000 10000 15000 0

Frequency (Hz)
5000 10000 15000 0

Frequency (Hz)
5000 10000 15000 0

Frequency (Hz)
5000 10000 15000

0
0

1

2

3

4

5

6

7

Frequency (Hz)

A
m

pl
itu

de

5000 10000 15000 0

Frequency (Hz)

5000 10000 15000 0

Frequency (Hz)

5000 10000 15000 0

Frequency (Hz)

5000 10000 15000

A-B + C-D (0.1 ms) A-B + C-D (0.25 ms) A-B + C-D (0.5 ms)
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significantly distorted when the time mismatch is 5% or greater.
However, a dispersion curve extracted from the frequency
semblance calculations is almost identical to a theoretical
dispersion curve for the flexural mode. This is because the
flexural mode is enhanced by A-C processing and because the
dispersion curve is independent of the arrival time of the flexural
mode energy.

Time mismatched quadrupole source in a hard formation

Figure 13 shows the change in the seismograms and the time-
domain semblance plots of the results of A-B+C-D processing as
the amount of time mismatch increases, for a quadrupole LWD
source in a hard formation. As in the experiments with time-
mismatched LWD dipole sources in soft formations, waveforms
are distorted, and it is also hard to extract velocities of P and S
waves from the time-domain semblance plots because of the
additional peaks produced.

The frequency spectra and frequency-domain semblance plots
of the waveforms shown in Figure 13 are displayed in Figure 14.
As shown in the figure, the frequency spectra are seriously
distorted, but dispersion curves computed from the frequency
domain semblance plots are almost the same as dispersion curves
for the screw mode and n = 6 mode.

Conclusions

We performed numerical experiments by using a discrete
wavenumber method to investigate the effects of the mismatch
in the amplitude or in the generating time of monopole sources
constructing LWD multipole sources.

When the amplitudes of monopoles constructing a LWD
dipole source are not the same, non-dipole modes as well as
the flexural mode are excited. The Stoneleymode is present in the
response at each receiver array and its amplitude increases as the
mismatch amount increases. However, because the amplitude of
the Stoneleymode is the same at the same radial distance from the
borehole axis, this Stoneley mode is cancelled out by A-C
processing and the flexural mode is enhanced. Similarly,
amplitude-mismatched quadrupole source produces non-
quadrupole modes in addition to the screw mode. Among the
non-quadrupolemodes, theStoneleymode is the strongest, and its
amplitude increases with increasing the mismatch amount. We
can enhance the screw mode by A-B+C-D processing by which
the Stoneley mode is cancelled out. Moreover, the amplitude of
Stoneley mode excited by an amplitude-mismatched LWD
multipole source is much smaller than that excited by an
amplitude-mismatched wireline multipole source.

If themonopole sources constructing aLWDmultipole source
fail to generate their signals at the same time, the responses look

like the result of summing responses from two or four monopole
sources located off the borehole axis. Therefore, the waveforms
and frequency spectra are distorted, and additional peaks occur in
the time-domain semblance plot, confusing the analysis of
formation velocities. However, if we refer to the computed
dispersion curves, which are independent of the arrival time of
the modes, on the frequency-domain semblance plot, we can
avoid the misinterpretation of the formation velocities.
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