wO 20207149826 A1 |0 00000 KO Y OO 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
23 July 2020 (23.07.2020)

‘O 00 0 00 A
(10) International Publication Number

WO 2020/149826 Al

WIPO I PCT

1)

@n

22)

@5
(26)
(71)

(72)

(74)

@81)

International Patent Classification:
GO1V 1/48 (2006.01) GO1V 1/44 (2006.01)
GO1V 1/46 (2006.01)

International Application Number:
PCT/US2019/013525

International Filing Date:
14 January 2019 (14.01.2019)

Filing Language: English

Publication Language: English

Applicant: HALLIBURTON ENERGY SERVICES,
INC. [US/US]; 3000 N. Sam Houston Parkway E., Hous-
ton, Texas 77032-3219 (US).

Inventors: WANG, Ruijia, 987D Jurong West Street 93
#14-593, Singapore 644987 (SG). JIN, Jing, BLK 707,
08-327, Clementi West St. 2, Singapore 120707 (SG). GE,
Yao; Blk 122, 07-157, Potong Pasir Ave 1, Singapore
350122 (SG).

Agent: PATEL, Neilesh R.; 7200 N. Mopac Expy., Suite
440, Austin, Texas 78731 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,

84

DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, 1IN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ, LA, LC,LK,LR, LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: REDUCTION OF A TOOL WAVE EXCITED BY A TRANSMITTER OF A WELL LOGGING TOOL

Cemplter Sysiem |
108

|

I Transmiter
| Controi

' 130

i

|

| Racewer Cortrol
| 132
|

ZAXIS
120

£

Vi
|

110

FIG. 1

(57) Abstract: A logging tool for performing well logging activities in a ge-
ologic formation has one or more transmitters, one or more receivers, and
a tool wave propagating factor which differs from a formation wave propa-
gating factor. The one or more transmitters excite a tool wave and formation
wave. The tool wave is reduced by the one or more transmitters transmitting
an acoustic wave which causes the tool wave to be reduced. Additionally,
or alternatively, the tool wave is reduced by generating an inverse estimate
of the tool wave based on waveform data associated with the tool wave and
formation wave received by each of the one or more receivers.
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REDUCTION OF A TOOL WAVE EXCITED BY A TRANSMITTER OF A WELL
LOGGING TOOL

TECHNICAL FIELD

0001} Thus disclosure relates gencrally to well logging tools which record properties of a
g ; ggng prop
geologic formation and more particularly to reduction of a tool wave excited by a transnutter of

the well logging tool.

BACKGROUND ART

18062] Well logging tools record properties of a geologic formation. They have a transmitter for
transpuiting an acoustic wave nto the geclogic formation and a recetver for receiving a
formation wave from the geologic formation. The formation wave mdicates propertics of the
formation, including presence of hydrocarbon in the formation and condition of cement which
lines a borehole in the geologic formation. When the acoustic wave is transmitted, a tool wave is
excited along the sonic tool, from the transmitter to the receiver. The tool wave mterferes with

reception of the formation wave by the receiver.

BRIEF DESCRIPTION OF THE DRAWINGS

[6003] Embodiments of the disclosure may be better understood by referencing the
accompanying drawings.

[0004] FIG. 1 illustrates a system for active tool wave reduction.

{8605} FIG. 2 sllustrates an example tool mandre! of the logging tool for reducing the tool
wave via a transmitter approach.

[06006] FIG. 3 15 a flow chart of functions for reducing the tool wave via the transmitter
approach.

{007} FIG. 4 ilustrates slowness of a tool wave propagating factor.

[6008] FIG. 5 illustrates atienuation of the tool wave propagating factor.

{0009] FIG. 6 illustrates an cxample tool mandre! of the logging tool for reducing the tool
WAvVe via a recetver approach.

{6615} FIG. 7 13 a flow chart of functions for reducing the tool wave via the recetver

approach.
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{6611} FIG. 8 dlustrates back propagation for reducing the tool wave via the receiver
approach.

01 2] FIG. 9 illustrates a comparison between waveform data associated with the pomary
transmitter before tool wave reduction and wavetorm data associated with the primary
transmitter after tool wave reduction.

{6613} FIG. 10 is a schematic diagram of apparatus to perform some of the operations and
funcuions described with reference to FIGS. 1-9,

{8014} FIG. 11 1s another schematic diagram of apparatus to perform some of the operations
and functions described with reference to FIGS. 1-9.

01 5] FIG. 12 1s a block diagram of a computer svstem associated with reducing the tool
wave via the transmitter and/or receiver approach.

{6016} The drawings are for the purpose of illustrating example embodiments, but it is
undersiood that the embodiments are not limited to the arrangements and mstrumentality shown

i the drawings.

DESCRIPTION OF EMBODIMENTS

{6617} The description that follows includes example svstems, methods, techniques, and
program flows that embody aspects of the disclosurc. However, it 1s understood that this
disclosure may be practiced without these specific details. For instance, this disclosure refers to
reducing a tool wave excited by a transmitter of a well logging toc! posttioned in a borchole of 3
geologic formation m iHustrative examples. Aspects of this disclosure can be applied to
reducing other tvpes of waves excited by other types of tools in the borehole or other
environments. In other instances, well-known instruction instances, protocols, structures and

techniques have not been shown in detail in order not to obfuscate the description.

Overview

103618} Tool wave reduction is a process of reducing a tool wave received by a receiver of a well
logging tool when a transmutter of the logging tool transmits an acoustic wave into a geologic
formation. Various techniques exast for reducing the tool wave. One example is to add slotted
sleeves, grooved collars, and other atteriation components to the well logging tool to sonically
isolate the transmitier and the receiver to reduce the tool wave that reaches the receiver. The
addition of siotted sleeves, grooved collars, and other atienuation components compromise
strength of the logging tool and a depth range of the logging tool. Another example is to apply

an array filter to a signal received by the receiver. The signal includes the tool wave and a
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formation wave. The signal is converted from a space-time domain to a wavenumber frequency
domain {F-K domain) and filtered by the array filter to reduce the tool wave. The array filter
outputs the formation wave which is converted back to the space-time domain. In many cases,
however, the array filter will not be able to adequately filter the tool wave from the formation

wave if formation wave slowness is close to tool wave slowness.

{8019} Embodiments described herein are directed to actively reducing a tool wave received
by a receiver of a well logging tool based on a transmitter of the well logging tool transmitting
an acoustic wave into the geologic formation. The well logging tool (also referred to as logging
tool} has a tool mandrel with one or more transnutters and one or more receivers.  The one or
morg transmitiers may transmit an acoustic wave which excites the tool wave and a formation
wave. The formation wave may include one or more of compressional waves, shear waves,
and/or gumided waves propagating along the borehole wall excited by the acoustic wave. The tool
wave mncludes one or more waves propagating directly along a body of the logging tool (¢ g, not
propagating in the geologic formation) also excited by the acoustic wave. The tool mandrel has
a tool wave propagating factor different from a formation wave propagating factor to faciitate
reducing the tool wave. The tool wave 1s reduced via a transmitter approach and/or a receiver

approach.

{8028} In the transmitter approach, the one or more transmitters each fransmit an acoustic
wave with phases and/or amplitudes that collectively cause the tool wave received by the one or
more receivers to be reduced. For example, the primary transmiticr may fransiit an acoustic
wave which excites a formation wave in the formation and a tool wave i the tool mandrel. Ata
same time the primary transmitter transmits the acoustic wave, one or more auxiliary transmitters
cach transmit an acoustic wave with phases and/or amplitudes that excite an inverse phase to the
tool wave in the tool mandrel. The inverse phase to the tool wave reduces the tool wave excited

by the primary transmitter and tool wave received by the one or more receivers,

6021} In the receiver approach, the one or more receivers may receive both the formation
wave and tool wave. The tool wave may be separated the formation wave and the formation
wave output. A primary receiver of the one or more receivers and one or more auxiliary
receivers cach receives the tool wave and formation wave and converts the received tool wave
and formation wave into respective waveform data. The waveform data from each of the
auxiliary receivers may be used to estimate an inverse phase of the tool wave i the waveform

data associated with the primary receiver. The cstumate may be gencrated by backpropagating

(U9
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the waveform data associated with each of the auxiliary receivers based on a position of the
primary receiver. Then, the tool wave in the waveform data associated with the primary receiver
may be removed based on the estimated inverse phase of the tool wave.

06022} The description that follows imcludes example systems, apparatuses, and methods that
embody aspects of the disclosure. However, it is understood that this disclosure may be
practiced without these specitic details. In other instances, well-known instruction mstances,

structures and technigues have not been shown in detail in order not to obfuscate the description.

Examyple Hlustrations

6023} FIG. 1 dlustrates a system 100 for active tool wave reduction. The system 100
meludes a well logging tool 102 (also referred to as Jogging tool 102} that can be raised and
lowered 1 a borehole 104 drilled in a geclogic formation 106 via a conveyance 150 such asa
wirchine including but not limited to a wireline shickline, cotled tubing, piping, downhole tractor,
or a combination thercof, or logging while dnilling (LWD) apparatus conveved on a bottom hole
assembly. The systemn 100 also includes a computer system 108 located at the surface 152 of the

geologic formation 106 or downhole.

8024} The borghole 104 may be lined with a casing 110 such as steel tubing surrounded by
cement 112 which fills an annulus between the borchole 104 and casing 110, The casing 110
serves multiple purposes. The casing 1190 prevents the borchole 104 from caving in, keeps
hydrocarbon carned within the casing 110 from escaping out of the casing 110, and prevents
unwanted fluids sach as water outside of the casing 110 from entering into the casing 110 and

contanunating the bydrocarbon carried within the casing 110

{0025} A tool mandrel 114 of the logging tool 102 has one or more transmitters 118 and one
or more receivers 116 along a longitudinal z axis 120 of the logging tool 102. The one or more
transmitiers 118 may transout an acoustic wave 122 which excites a formation wave 124 m the
geologic formation 106 and/or tool wave 126 m the tool mandrel 114, The formation wave 124
may include ong or more of compressional waves, shear waves, and/or guided waves
propagating along the wall of the borchole 104 excited by the acoustic waves 122, The tool
wave 126 is a wave propagating directly along the tool mandrel 114 {c.g., not propagating in the
geologic formation 106} also excited by the acoustic wave 122, The tool mandrel 114 and/or a
body of the logging tool 102 may also have structure to slow down the tool wave 126 with
respect the formation waves 124, The structure 128 may include one or more of cuttings, holes,
grooves of the tool mandrel 114 which causes a tool wave propagating factor to be different from

4
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a formation wave propagating factor, but does not substantially compromise strength of the

logging tool 102,

{026] The propagating factor defines a slowness and attenuation of a wave. The slowness
mdicates a time for a wave to travel a given distance and the attenuation mdicates a reduction in
amplitude of the wave. The propagating factor is written as k = ws + ¢, where s is the
slowness of a wave, & is the attenuation of the wave, and w 15 a frequency of the wave. The tool
wave may have a propagating factor koo and the formation waves may have a propagating factor
keormation depending on characteristics of the tool mandrel 114 and geologic formation 106,

respectively, and each propagating factor may be different.

{6027} The computer system 108 may have a transmutter control 130 and receiver control
132. The transmitter control 130 mayv control transmission of the acoustic wave 118 in a sonic
frequency range by cach of the one or more transmitters 118, The acoustic wave 118 may bave
one or more given frequencies and/or one or more given amplitudes.  Each transmitter 118 may
be arranged o transmit a same acoustic wave. Altematively, one transmitter 118 may transmit
an acoustic wave which differs (in amplitude and/or frequency) from another acoustic wave
transmitted by another transmitter 118, Each transoutter 118 may be also arranged to transmit
the acoustic wave at a same time as another transmitter 1138 or at different times.  The receiver
control 132 may control reception of the formation wave 124 and/or tool wave 126 resulting
from the transmission of the acoustic wave 12, One receiver 116 may be arranged 1o receive the
formation wave 124 and/or tool wave 126 at a same time as another receiver 116 or at a different

time.

[6028] The computer system 108 may also have an active tool wave redaction system 134
The active tool wave reduction system 134 may reduce the tool wave 126 received by the one or
more receivers 116, The active reduction mayv be based on a transmitter approach and/or
receiver approach. For example, in the transmutter approach, the transmitter control may cause
the two or more tfransmitiers to cach transmit an acoustic wave with phases and/or amplitudes
that cause the tool wave received by the one or more receivers to be reduced. Ag another
example, in the receiver approach, the two or more receivers may receive both the formation
wave and tool wave. The tool wave mav be separated the formation wave and the formation

wave output.

6029} The formation wave may be used to determine a formation slowness log and/or a
wave amplitude log. The formation slowness log indicates slowness of the formation waves asa

5
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function of depth in the geologic formation 106. The slowness indicates formation propertics in
the geologic formation 106 which can be used to determine a drilling direction for extraction of
hvdrocarbon from the geologic formation 106. The formation slowness log may be used 1n other
ways as well. The wave amplitude log may indicate conditions in the borehole 104 such as an

mitegrity of the cement 1106 between the casing 112 and borchole 104 as a function of depth.

18030} FIG. 2 illustrates an example tool mandrel 200 for reducing the fool wave viaa
transmitier approach. The tool mandre! 200 has a primary transmitter 202 and one or more
auxiliary transmutters 204 positioned along the longitudinal z axis of the tool mandrel 200. The
tool mandrel 200 may also have a receiver 206, In ong or more examples, the primary
transmitter 202 and one or more auxiliary transmitters 204 may be no different, other than is
position along the mandrel 200, In one or more examples, the receiver 206 may be located
further downhole from the primary transmitter 202 and the one or more awaliary transmitters
204 when the tool mandrel 200 1s positioned in a borehole. The tool mandrel 200 may be
designed and/or modified with stracture 208 {e g, cuttings, holes, grooves} to ensure that the tool
wave propagating factor {¢.g., slowness and/or attenuation) s different from the formation wave
propagating factor. For example, the tool mandrel 200 may have a slowness or attenuation that
the general rock formation does not have. The pnmary transmitter 202 and one or more
auxiliary transmitters 204 may transmit an acoustic wave such that the tool wave 1s reduced at

the one or more receivers 206,

{6031} FIG. 3 is a flow chart of functions 300 for reducing the tool wave via the transmitter
approach. At 302, the pnmary transmitier may transmit an acoustic wave which excites a
formation wave in the formation and a tool wave in the tool mandrel. The primary transmiiter
may be driven with a drive signal which causes the primary transmitter to output the acoustic
wave. The drive signal may be represented as fp; {w) which is function of frequency w in the
frequency domain. At 304, one or more auxiliary transputiers transmit, at a same time the
primary transmitter transmits the acoustic wave, a respective acoustic wave which exeites a tool
wave with an inverse phase {(¢.g., same absohute amplitude and opposite phase, also referred to as
mverse) to the tool wave excited by the primary transmiticr, causing the tood wave excited by the
primary transmutier 1o be reduced. Hach transmitier » may be driven with a drive signal

represented by the following equation:

j‘filz;x (0’)} = ___‘/f f:’ri (0’)} eXp{i kxool <Z Zux —Zz Pri ) ) ( i )
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where £, {w) is the drive pulse in the frequency domain at the primary transmitter, k

tool

represents the tool wave propagating factor (e.g.. &, = ws,,, +ie ), and z,, and 2z, denote the

tool
z axis posttion of the primary transmitter and the auxiliary transmitier respectively along the tool
mandrel of the logging tool. Each transmitter # 1s driven with a corresponding drive signal. The
drive signal which drives a given transmitter causes the given transmitier (o generate a
corresponding acoustic wave. In onc or more exarmples, the drive signal may have a similar

amplitude and/or phase characteristics as the corresponding acoustic wave which is generated.

{8632} The tool wave propagating factor may be determined in many ways. In one example,
slowness and attenuation associated with the tool wave propagating factor may be determined
based on design of the tool mandrel. The materials and/or shape of the tool mandrel may
determine the tool wave propagating factor. In another example, the tool wave propagating

factor may be determined based on analysis of the waves received by the one or morg receivers.

18633} FIG. 4 llustrates example waves 400 received by the one or more receivers Rl to Ré as a
function of a time index 402, The example waves 400 may be used to determine the slowness of
the tool wave propagating factor by analysis. The prumary receiver R may be located closest to
the transmitier and receive a wave before the recetvers R2 1o R6 receive the wave. The wave
recetved by the primary receiver is labeled as R1 and a wave received by cach of the awaliary
receivers is fabeled as RZ to RS, respectively. The rectangular box 402 indicates the tool wave

whose slowness 1s 67 s/ft.

10634} FIG. 5 dhustrates deternmining an attenuvation of the tool wave based on the example
waves 400, Each receiver may receive a tool wave., The tool wave received by each receiver
may be normalized and plotted as a function of amplhitude on a vertical axis 502 and the receiver
which received the tool wave on a honzontal axis 304 (indicated as a receiver index). The
plotied normalized tool wave amplitude 500 is shown as circles 506 associated with cach
receiver.  An attenuation of the tool wave is calculated based on the normalized tool wave
amplitudes.  The normalized tool wave amplitudes are fit to a lne 508 indicative of the
attenoation.  With a lincar fit on the amplitude in 4B, the attenuation of the tool wave is

calculated to be 3.5dB/Mt.



W

10

20

30

WO 2020/149826 PCT/US2019/013525

{0035} Equation (1) intuitively calcolates what dave signal causes the auxiliary transmitters
cxcite an mverse-phase tool wave at the position of the primary transmitter and/or further
downhole which will then propagate to the receiver. In one or more examples, the excited
mverse-phase tool wave may have an opposite phase (¢.g., 180 degree shift) and/or same
absolute amplitude t¢ the tool wave excited by the primary transmitter at the position of the
primary transmitter and/or further downhole. Further, different weights may be applied to cach
drive signal associated with each avwxiliary transmitter to differ contnbution of cach auxiliary
transmtter.  As a result of the transmission by the primary and awabiary transmitters, the tool

wave is reduced at the receiver. The reduction is analytically calculated as:

min:

We‘iwmn)f] (w\)cxp(z/»m (zZg, —7'juv)} Jon (w}% (2)

E:v"

18036] where Weight(n)represents amplitude weights applied at different auxahiary transmitters
n. For example, Weight(n)=1/N may indicate unified weights. As another example, weights
may be calculated based on a signal to notse ratio {SNR) values of an expecied tool wave at a
given transmitter, in order (o tmprove reduction of the tool wave and increase SNR of the

resulting formation wave received at a receiver.

[6637] FIG. 6 illustrates an example of the tool mandrel 600 for reducing the tool wave via
the receiver approach. The tool mandrel 600 has a transmiticr 602, a primary receiver 604, and
one or more auxihiary receivers 606, each positioned along a longitudinal axis z of the tool
mandrel 600. In one or more examples, the primary receiver 604 and one or more auxiliary
receivers 606 may be located further downhole from the transmitier 602 when the tool mandrel
600 1s positioned 1 a borchole. The primary recetver may be in between other auxiliary
receivers in the example shown in FIG. 6. In other examples, a fivst receiver may be a prmary
receiver and further receivers downhole from the transmitter and primary receiver may be
auxiliary receivers. fn one or more exampies, the primary receiver 604 and one or more
auxiliary receivers 606 may be no different, other than its position along the mandrel 600, The
tool mandrel 600 may be designed and/or modified with structure 608 {e.g., cuttings, holes,
grooves) so that the tool wave propagating factor (o.g., slowness and/or attenuation) is different
from the formation wave propagating factor. For example, the tool mandre! 600 may have a
slowness or attenuation that the general rock formation does not have.  The primary receiver 604

and one or more auxiliary receivers 606 may each receive a tool wave and formation wave.
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[00638] FIG. 71s a flow chart of finctions 700 for reducing the tool wave via the receiver
approach. At 702, a transmiticr may fransmit an acoustic wave which excites a formation wave
mn the geologic formation and a too! wave in the tool mandrel. At 704, a primary recetver and
the one or more auxiliary receivers each receives the tool wave and formation wave and converts
the received waves 1nto respective waveform data indicative of the received waves. At 706, a
tool wave in the wavetorm data associated with the primary receiver may be reduced based on
the respective waveform data associated with the one or more auxiliary receivers. For example,
the waveform data from each of the awxaliary receivers may be used fo estimate an inverse phase

of the tool wave in the waveform data associated with the primary receiver.

60391 The estimated tool wave may be created by backpropagating the waveform data
associated with cach of the auxiliary receivers based on a position of the primary receiver and
auxiliary receiver:

N

Vi/‘avﬁl’bal (ﬁ?) = _Z E/Vezghrin)%/avZux {&) )@Xp(jkmol (ZE‘ri - ZZux )) b (3)

sy
where Wav,,, , represents the estimated tool wave, Wav',_{@) represent waveform data at the nth
auxiliary receiver, Weight(n) represent weights to differ contribution of each the waveform
associated with each auxiliary receiver, and z, and 2/ denote the z axis position of the primary
recetver and the auxiliary receiver respectively along the tool mandrel of the logging tool. To
simplify the processing, equation 3 might be implemented in the time-domain as:

3
o

;’,VQvi V) = —zWeigi’.cz‘(n)Waqum_ (t - Smol (Z}‘ﬁ - ?ju\ )t)exp(iaiool(zl’n - ?4.4\)} H (4)

Rfool

where §

oo

, represents tool wave slowness, o

e

, represents tool wave attenuation.

#0491 FIG. 8 illustrates a back propagation process 800 associated with tool wave reduction via
the receiver approach. Waveforms are plotted as a function of amplitude 802 and time mndex
804, Primary waveform 806 represents waveform data received by the primary receiver. R2 1o
R6 represent waveform data received by auxtliary recetvers R2 to R6 after back propagation
where the weight of cach waveform is selected as 0.2, Estimated waveform data predicted by

equation 4 and shown as reconstructed waveform 808 has equal absolute amplitude and opposite

O
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phase compared to the primary waveform 806 (¢ g.. inverse phase to the tool wave} The tool

wave may be removed from the pumary waveform by further signal processing:
Wav,, (o) =Wav, &)+ Wav,,, (o), (3
or in the time domain, by

Wav',, ()= Wav, () +Wav,,,. (1), (6)

where Wav,, { a)) and Wav', {{) represent remaining target signals (e.g., formation wave) in the

frequency domain and in the time domain, respectively.

{0841} FIG. 9 illustrates a comparison 900 between the waveform data 902 associated with the
primary recerver before tool wave reduction and the waveform data 904 associated with the
primary recciver after tool wave reduction plotted as a function of amplitude 906 and time index

508. The tool wave is suppressed by about -20 dB.

[6042] Other vanations for actively reducing the tool wave are also possible. Inone
example, cach transmitter of the tool mandrel 200 may transmit an acoustic wave 1o the receiver
n sequence to the recetver such that each transmission by cach transmitter does not overlap.
Equations 3-4 may be applied to cach wavedata received by cach receiver based on transmission
of the acoustic wave by each transmitier in sequence to estimate an inverse phase of a tool wave,

In this regard, Wav, {@) represents waveform data associated with waves recetved by the

Anx
receiver based on transmission by the nth anxiliary transmittter.  The primary transnutter
transmitting an acoustic wave to the receiver may excite a tool wave which 1s then removed usig
the estimated inverse phase tool wave based on equations 5-6. In ancther example, both the
transmitter and receiver approach may be combined to perform tool wave reduction. The
transmtter approach may reduce the tool wave and the recetver approach may also reduce any
tool wave not reduced by the transmitter approach. In yet another example, multiple receivers
may be considered collectively as the primary recetver while remaining receivers are auxiliary
receivers. With 1 representing cach of the poimary reccivers, the tool wave 1s reduced via the
following signal processing on wavedata associated with each receiver similar to equations 3-6

above:
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N . .
17 7 P i T . v 7 . n
Wavi&faal (CD') = _Z E/Ve’igh rin}%fa“}; #x (Cé))CXp \'7'/6100) (Z;—‘ﬁ - ZAux)} >
P

N . \ \
rav;?’/oa/ (!} = "_Z Wez’gh!(n)WaV'zm {{ - Stooi (Z]';ri - ZZw: ))exp<jarool (:]["1 - ZZux >) >
n=l

Wavp, (@)= Wavy, (@ )+ Wavy, (),
E/‘Va Vjpnr U} = Vyav{’}i {j} + WVGIV; Tool (i}

5 [0043 FIG. 10 1s a schematic diagram of an apparatus 1000 that can be used to perform
some of the operations and functions deseribed with reference to FIGS. 1-9. A schematic
diagram 1000 is shown of downhole tool 102 on a wireline 1050, Ag illustrated, a borehole 104
may extend through the geologic formation 1002, K should be noted that while FIG. 10
generally depicts a land-based wireline logging system, those skilled in the art will readily

10 recognize that the principles descnbed herein are equally applicable to subsea logging operations
that employ floating or sea-based platforms and rigs, without departing from the scope of the

disclosure.

[0044] As illustrated, hoist 1004 may be used to run a logging tool 102 into borehole 104,
Hotst 1004 may be disposed on a recovery vehicle 1006, Hoist 1004 may be used, for example,

15 1o raise and lower wireline 1050 1n borehole 104. While hoist 1004 1is shown on recovery
vehicle 1006, it should be understood that wireling 1050 may alternatively be disposed from a
hoist 1004 that is installed at the surface 1008 instead of being located on recovery vehicle 1006,
Logging tool 102 may be suspended mn borchole 104 on wireline 1050, Other conveyance types
may be ased for conveying logging tool 102 into borehole 104, including coiled tubing, wired

20 drill pipe. slickling, and downhole tractor, for example. Logging tool 102 may comprise a tool
mandrei, which mayv be elongated as shown on FIG. 10, Tool body may be any suitable material,
mcloding without limitation titanium, stainless steel, alloys, plastic, combmations thereof, and
the like. Logging tool 102 may further include one or more transmitters and one or more

recervers for tool wave reduction.

N
(4

{0045] Computer system 1032 may include a processing unit 1036, a monitor 1038, an input
device 1040 (c.g., kevboard, mouse, ¢ic ), and/or machine-readable media 1042 {¢c.g., optical

disks, magnetic disks) that can store code representative of the methods described herein for
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reducing the tool wave excited by a transnutter of the logging tool 102 via the transmitier and/or
receiver approach. To facilitate tool wave reduction, conumunication Jink 1034 ¢which may be
wired or wireless, for example) may transmit waveform data associated with one or more
recetvers from the logging tool 102 and the computer system 1032 at surface 1008 and/or drive
sigials from the computer system 1132 to the logging tool 102 to cause the one or more
transmitters to output an acoustic wave to reduce the tool wave. Communication link 1034 may
implement one or more of varnous known telemetry techniques such as mud-pulse, acoustic,
clectromagnetic, ete. In addition to, or in place of processing at the surface 1008, processing for
reducing the tool wave may occur downhole by the logging tool 102,

{(3046] FIG. 11 1s another schematic diagram of an apparatus 1100 that can be used to
perform sore of the operations and functions described with reference to FIGS. 1-9. The
apparatus [ 100 inciudes a logging tool 102 disposed on a drill string 1102 of a depicted well
apparatus 1100, Ag ilhustrated, a borehole 104 may extend through geologie formation 1104,
While borchole 104 is shown extending generally vertically into the geological formation 1104,
the principles described herein are also applicable to borcholes that extend at an angle through
the geological formation 1104, such as horizontal and slanted borcholes. For example, although
FIG. 11 shows a vertical or low inclination angle well, high inclination angle or horizontal
placement of the well and equipment is also possible. It should further be noted that while FIG.
11 generally depicts a land-based operation, those skilled in the art will readily recognize that the
principles described hersin are equally applicable to subsea operations that employ floating or

sea-based platforms and nigs, without departing from the scope of the disclosure.

{047] The apparatus further includes a drilling platform 1106 that supports a derrick 1103
having a traveling block 1110 for raising and lowering drill string 1102, Drill string 1102 may
melude, but is not limited to, dnill pipe and coitled tubing, as generally known to those skilled m
the art. A kelly 1112 may support drill string 1102 as 1t may be lowered through a rotary table
1114, A drill bit 1120 may be attached to the distal end of drill string 1102 and may be driven
cither by a downhole motor and/or via rotation of drill string 1102 from the surface 1118,
Without imitation, dnill bit 1120 may include, roller cone bits, PDC bits, natural diamond bits,
any hole openers, reamers, coring bits, and the like. As dnll bit 1129 rotates, it may create and
extend borehole 104 that penetrates various subterrancan formations such as 1104, A pump
1122 may circulate dalling fluid through a feed pipe 1124 to kelly 1112, downhole through
mterior of drill string 1102, through orifices tn drill bit 1120, back to surface 1118 via annulus

1122 surrounding drill string 1102, and into a retention pit 1126
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[0048] Drill bit 1120 may be just one piece of a downhole agsembly that may include the
logging tool 102, Logging tool 102 may be made of any suitable material, including without
bmitation tifanium, stainless steel, alloys, plastic, combinations thereof, and the hike. Logging
tool 102 may further inchide one or more transmitters 1130 and one or more receivers 1131 for

actively reducing a tool wave excited by the logging tool 102 separated by a collar 1128,

{6049} Computer system 1132 may include a processing unit 1136, a monitor 1138, an inpat
device 1140 (c.g., kevboard, mouse, ¢ic ), and/or machine readable media 1142 {c.g., optical
disks, magnetic disks) that can store code representative of the methods described herein for
reducing the tool wave excited by a transmitter 1130 of the logging tool 102 via the transmutter
and/or recetver approach. Computer system 1132 may act as a data acquisition system and data
processing svsten to reduce the tool wave. This processing may occur at the surface 1118 in
real-time. Alternatively, the processimg may occur at surface 1118 or another location after
withdrawal of logging tool 102 from borshole 104, Sull alternatively, the processing may be
performed downhole in the geclogic formation 1104 by the logging tool 102, Any suitable
technique may be used for transmitiing signals, ¢.g., waveform data, to the computer system
1132 residing on the surface 1118, As illustrated, 2 commanication link 1134 (which may be
wired or wireless, for example) may transmit data between the logging tool 102 and the
computer system |32 at the surtace 1118, The data may be wavetorm data associated with the
one or more recetvers 1131 transmitted from the logging tool 102 to the computer system 1132
and/or drive signals transmitted from the computer system 1132 to the logging tool 102 to cause
the one or more transmitters o output an acoustic wave to reduce the tool wave.

{0050] FIG. 12 1s a block diagram 1200 of apparatus of the computer system 1032, 1132
and/or the logging tool 102 for actively reducing a tool wave. The apparatus may be located on
the surface, downhole, or partially on the surface and partially downhole.

{0051} The block diagram 1200 includes a processor 1202 (possibly including multiple
processors, multiple cores, multiple nodes, and/or implementing multi-threading, etc.). The
block diagram 1200 inchides memory 1204, The memory 1204 mav be system memory (e.g.,
ong or more of cache, SRAM, DRAM, zero capacitor RAM, Twin Transistor RAM, ¢DRAM,
EDO RAM, DDR RAM, EEPROM, NRAM, RRAM, SONOS, PRAM, etc.) or any one or more
other possible realizations of non-transitory machine-readable media/medium.

[6052] The block diagram 1200 may also include a persistent data storage 1206, The
persistent data storage 1206 can be a hard disk drive, such as a magnetic storage device which

stores onc or more of waveform data. The block diagram 1200 also includes a bus 1208 {e.g.,
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PCL ISA, PCE-Express) and a network interface 1210 in communication with a logging tool.
The block diagram 1200 may also have an active tool wave reduction svstem 1214, a transmitter
control 1216, and receiver control 1218 to actively reduce a tool wave in accordance with the
methods described herein, including the described transmitter approach and receiver approach.
053] The block diagram 1200 may farther comprise a user interface 1212 in the case when
the block diagram 1200 is associated with the computer system 1032, 1132, The user interface
1212 may mclude a display such as a computer screen or other visual device to show the
formation waves to engineering personnel. The user interface 1214 may also melude an mput
device such as a mouse, kevboard.

[6054] The block diagram 1200 may implement any one of the previcusly described tool
wave reduction functionalities partially (or entirely) in hardware and/or software (¢.g., computer
code, program instructions, program code) stored on a non-transitory machine readable
medivnymedia. In some instances, the software is executed by the processor 1202, Further,
realizations can include fewer or additional components not illustrated in Figure 12 {e.g., video
cards, audic cards, additional network interfaces, peripheral devices, etc.). The processor 1202
and the memory 1204 are coupled to the bus 1208, Although llustrated as being coupled to the

bus 1208, the memory 1204 can be coupled to the processor 1202,

{6055] The flowcharts are provided to aid in understanding the illustrations and are not to be
used to limit scope of the claims. The flowcharts depict example operations that can vary within
the scope of the claims. Additional operations may be performed; foewer operations may be
performed; the operations may be performed in parallel; and the operations may be performed i
a different order. For example, the operations depicted in blocks 302, 304 and 702 to 706 can be
performed in parallel or concurrently. 1t will be understood that each block of the flowchart
tHustrations and/or block diagrams, and combinations of blocks in the flowchart ihustrations
and/or block diagrams, can be implemented by program code. The program code may be
provided to a processor of a general purpose computer, special purpose computer, or other

programmable machine or apparatus.

[(056] Ags will be appreciated, aspects of the disclosure may be embodied as a system,
method or program code/instructions stored in one or more maching-readable media.
Accordingly, aspects may take the form of hardware, software (including firmware, resident
software, micro~-code, etc.), or a combination ot software and hardware aspects that may all
generally be referred to herein as a “circuit,” “module” or “svstem.” The functionality presented

as individual modules/units 1 the example illustrations can be organized differently in
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accordance with any one of platform (operating system and/or hardware}, application ecosystem,

mterfaces, progranuner preferences, programming language, administrator preferences, ctc.

[6057] Any combination of one or more machineg readable medium{s) may be wtilized. The
machine readable medium may be a machine readable signal meduum or a machine readable
storage medium. A machine readable storage medium may be, for example, but not limited to, a
system, apparatus, or device, that employs any one of or combination of electronic, magnetic,
optical, electromagnetic, infrared, or semiconductor technology to store program code. More
specific examples (a non-exhaustive hist} of the machine readable storage medium would include
the following: a portable computer diskette, a hard disk, a random access memory (RAM), a
read-only memory {ROM), an erasable programmable read-ondy memory (EPROM or Flash
memory}, a portable compact disc read-onlv memory (CD-ROM), an optical storage device, a
magnetic storage device, or any suitable combination of the foregoing. In the context of this
document, 2 machine readable storage medium may be any tangible medivm that can contain, or
store a program for use by or 1n connection with an instruction execution system, apparatus, or

device. A machine readable storage medium is not a machine readable signal medun.

{6058] A machine rcadable signal medivm may include a propagated data signal with
machine readable program code embodiced therein, for example, 1n bascband or as part of a
carrier wave. Such a propagated signal may take any of a variety of forms, including, but not
limited to, electro-magnetic, optical, or any suitable combination thereof. A machine readable
signal medium may be any machine readable medium that s not a machine readabic storage
medium and that can communicate, propagate, or transport a program for use by or in connection

with an instruction execution system, apparatus, or device.

{8059} Program code embodied on a machine readable medivm may be transmitied osing
any appropriate medium, including but not limited to wireless, wireling, optical fiber cable, RF,

ctc., or any suitable combination of the foregoing.

[6060] Computer program code for carrying out operations for aspects of the disclosure may
be written in any combination of one or more programming languages, mcluding an object
oriented programming language such as the Java® programming language, C++ or the like; a
dynamic programming language such as Python; a senipting language such as Perl programming
language or PowerShell script language: and conventional procedural programming languages,
such as the "C" programmung language or similar programming languages. The program code
may execute entirely on a stand-alone machine, may execute i a distributed manner across
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multiple machines, and may execute on ong machine while providing results and or accepting

mput on another machine.

[6061] The program code/instructions may also be stored in a maching readable medium that
can direct a machine to function 1o a particular manner, such that the instructions stored 1 the
machine readable medium produce an article of manufacture including instructions whic

inplement the function/act specified in the flowchart and/or block diagram block or blocks.

[8062] While the aspects of the disclosure are described with reference to vanous
umplementations and exploitations, it will be understood that these aspects are illustrative and
that the scope of the claims is not liunited to them. In general, fechnigques for reducing a tool
wave excited by a logging tool as described herein may be implemented with facilities consistent
with any hardware system or hardware systems. Many variations, modifications, additions, and

improvements are possible.

[6063] Plural instances may be provided for components, operations or structures described
herein as a single stance. Finally, boundaries between various components, operations and
data stores are somewhat arbitrary, and particular operations are illustrated in the context of
specific llustrative configurations. Other allocations of functionality are envisioned and may
fall within the scope of the disclosure. In general, structures and functionality presented as
separatc components in the example configurations may be implemented as a combined structure
or component. Similarly, structures and functionality presented as a single component may be
munplemented as separate components. These and other variations, modifications, additions, and

mmprovernents may fall within the scope of the disclosure.

{0064} Use of the phrase “at least one of” preceding a list with the conjunction “and” should
not be treated as an exclusive list and should not be construed as a list of categories with one
ttem from cach category, unless specifically stated otherwise. A clause that recifes “at least one
of A, B, and 7 can be mfringed with only one of the histed items, multiple of the histed items,

and one or more of the items 1n the list and another iter not listed.

{0065] As used herein, the term “or” is inclusive unless otherwise explicitly noted. Thus, the
phrase “at lcast one of A, B, or C7” 15 satisfied by any clement from the set {A, B, C} orany

combination thereof, including multiples of any element.
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08666} Example embodiments inchude the following:

{0067} Embodiment 1: A mcthod comprsing: transmitting, by a primary transmitter positioned
ajong a longitudinal axis of a logging tool, an acoustic wave mito a geologic formation which
gxcites a tool wave in the logging tool and a formation wave in the geologic formation, wherein
the logging tool comprises a tool wave propagating factor which is different from a formation
wave propagating tactor; transmitting, by onc or more auxiliary transmitters positioned along the
longitudinal axis of the logging tool, an acoustic wave which causes the tool wave excited by the
primary transmitter to be reduced; receiving, by one or more receivers along the longitudinal axis

of the logging tool, the formation wave and the reduced tool wave.

{0068} Embodiment 2: The method of Embodiment 1, wherein transmitting, by one or more
auxiliary transmitters of the logging tool, the acoustic wave comprses driving a given auxibiary
transmtter with a drive signal applied to the primary transmitter, adjusted by the tool wave

ropagating factor.
& t=l

{0069} Embodiment 3: The method of Embodiment 1 or 2, wherein the tool wave propagating

factor indicates a slowness and attenuation of the tool wave.

{8670} Embodiment 4: The methed of any one of Embodiment 1-3, wherein the drive signal is
further adjusted based on a distance between the primary transmitter and the given auxiliary

transmitter.

{6671} Embodiment 5: The method of any one of Embodiment 1-4, wherein the primary
transmitier and the one or more auxiliary transmitiers transmut a respective acoustic wave at a

same time.

18672} Embodiment 6: The method of any one of Embodiment 1-5, wherein the acoustic wave
which causes the tool wave excited by the primary transmitier to be reduced, exciies an inverse

of the tool wave in the logging tool.

18673} Embodiment 7: The method of any one of Embodiment 1-6, wherein transmitting, by one
or more auxiliary transmitters of the logging tool, the acoustic wave which causes the tool wave
cxcited by the primary transmitter to be reduced comprises transmitting by cach of the one or

more auxiliary transmitters a respective acoustic wave based on one or more weights.
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{8074} Embodiment §: A system comprising: a logging tool comprising one or more transmitters
and one or more receivers, wherein the onc or more transnitters and one or MoTte 1eCeIvers are
posttioned along a longitudinal axis of the logging tool, and wherein the logging tool comprises a
tool wave propagating factor which is different from a formation wave propagating factor; a
processor; a non-transitory machine readable media having program code exgcutable by the
processor to cause the processor to: transmit, by a pumary transmitter of the one or more
transnuiters of the logging tool, an acoustic wave into a geologic formation which excites a tool
wave 1n the logging tool and a formation wave in the geclogic formation; transmit, by one or
more auxiliary transmitters of the one or more receivers of the logging tool, an acoustic wave
which causes the tool wave exciied by the primary transmitier to be reduced: receive, by one or

more receivers of the logging tool, the formation wave and the reduced tool wave.

18675} Embodiment 9: The system of Embodiment 8, wherein the program code to transmit, by
ong or more auxiliary transmutters of the logging tool, the acoustic wave comprises program code
to drive a given anxibary transmitter with a doive signal applied to the primary transmiter,

adjusted by the tool wave propagating factor.,

{8076} Embodiment 10: The system of Embodiment 8 or 9, wherein the tool wave propagating

factor indicates a slowness and attenuation of the tool wave.

{08077} Embodiment 11: The svstem of any one of Embodiment 8-10, wheremn the drive signal is
further adjusted based on a distance between the primary transmitier and the given auxilary

transmiiter.

10678} Embodiment 12: The system of any ong of Embodiment 8-11, wherein the primary
transmitter and the one or more auxiliary transmitiers transout a respective acoustic wave at a

same time.

{3079} Embodiment 13: The system of any one of Embodiment 8-12, wherem the acoustic wave
which causes the tool wave excited by the primary transmitter to be reduced, excites an inverse

of the tool wave.

{0080} Embodiment 14 The system of any one of Embodiment 8-13, wherem the program code
to transmit, by one or more auxibiary transmitters of the logging tool, the acoustic wave which
causes the tool wave excited by the primary transputter to be reduced comprises program code to

1%



W

10

WO 2020/149826 PCT/US2019/013525

transmit by cach of the one or more auxiliary transmitiers a respective acoustic wave based on

ong or more weights,

{00681} Embodiment 15; A method comprising: transmithing, by a transmitter positioned along a
longitudinal axis of a logging ool an acoustic wave into a geologic formation which excites a
tool wave and a formation wave in the geologic formation, wherein the logging tool comprises a
tool wave propagating factor which is different from a formation wave propagating factor;
receiving, by one or more receivers positioned along the longitudinal axis of the logging tool, the
formation wave and the tool wave; propagating waveform data associated with the tool wave and
formation wave recetved by an auxiliary receiver of the one or more receivers based on a
distance between the auxiliary receiver and a pnmary receiver of the one or more receivers; and
reducing the tool wave in waveform data associated with the formation wave and the tool wave
received by a primary receiver of the one or more receivers based on the propagated waveform

data.

{8082} Embodiment 16: The method of Embodiment 15, wherein the tool wave propagating

factor mndicates a slowness and attenuation of the tool wave.

{8683} Embodiment 17; The method of Embodiment 15 or 16, wherein the propagated

waveforn data associated with cach receiver represents an mverse of the tool wave.

{0084} Embodiment 18: The method of any one of Embodiment 13-17, further comprising
weighting an amplitude of the propagated waveform data associated with a given receiver of the

ONE OF MOIC FCCCIVErS.
{0085} Embodiment 19; The method of any one of Embodiment 15-18, wherein propagating the
waveform data comprises forward or back propagating the waveform data based on a spatial

position of the auxiliary receiver with respect to the primary receiver,

08086} Embodiment 20: The method of any one of Embodiment 15-19, wherein propagating the

waveform data comprises adjusting the waveform data by the tool wave propagating factor.

19
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WHAT IS CLAIMED IS:

1. A method comprising:

transmitting, by a primary transmitter positioned along a longitudinal axis of a logging
tool, an acoustic wave into a geologic formation which excites a tool wave m the logging tool
and a formation wave in the geologic formation, wherem the logging tool comprises a tool
wave propagating factor which 1s different from a formation wave propagating factor;

transmitting, by one or more auxiliary transmiticrs positioned along the longitudmal axis
of the fogging tool, an acoustic wave which causes the tool wave excited by the primary
transiiter 1o be reduced;

receiving, by one or more receivers along the longitudinal axis of the logging tool, the

formation wave and the reduced tool wave.

2. The method of claim 1, wherein transmitting, by one or more auxiliary transmitters of the
logging tool, the acoustic wave comprises driving a8 given auxiliary transmitter with a drive

signal applied to the primary transmitter, adjusted by the tool wave propagating factor.

3. The method of claim 2, wherein the tool wave propagating factor indicates a slowness

and attenuation of the tool wave.

4. The method of claim 2, wherein the drive signal 1s further adjusted based on a distance

between the primary transmitter and the given aaxiliary transmitter.

5. The method of claim 1, wherein the prnmary transmitter and the one or more auxiliary

transmitters transmit a respective acoustic wave at a same time.

6. The method of claim 1, wherein the acoustic wave which causes the tool wave excited by

the primary transmutier to be reduced, excites an inverse of the tool wave in the logging tool.

7. The method of claim 1, wherein transmitting, by one or more auxiliary transmitters of the
fogging tool, the acoustic wave which causes the tool wave excited by the prnmary
transmitter to be reduced comprises transmitting by cach of the one or more auxiliary

transnutiers a respective acoustic wave based on one or more weights.

3. A sysiem comprising:
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a logging tool comprising one or more transmitiers and one of MOYE receivers, wherein
the one or more transnutters and one or more receivers are positioned along a
longitudinal axis of the logging tool, and wherein the logging tool comprises a

tool wave propagating factor which 1s different from a formation wave

W

propagating factor;
a processor;
a non-transifory machine readable media having program code executable by the
processor to cause the processor to:
transmit, by a primary transmitter of the one or more transmitters of the logging tool, an
10 acoustic wave nto a geologic formation which excites a tool wave in the logging tool and a
formation wave m the geologic formation;
transmit, by one or more auxiliary transmitters of the one or more receivers of the
logeing tool, an acoustic wave which causes the tool wave excited by the primary transmiiter
to be reduced;
15 receive, by one or more receivers of the logging tool, the formation wave and the reduced

tool wave.

9. The system of claim 1, wherein the program code to transmit, by onc or more auxiliary
transmitters of the logging tool, the acoustic wave comprises program code to drive a given
apxiliary transmitter with a drive signal applied to the primary transmitter, adjusted by the

20 tool wave propagating factor.

10. The system of claim 9, wherein the tool wave propagating factor indicates a slowness and

attenuation of the tool wave.

11. The system of claim Y, wherein the drive signal 1s further adjusted based on a distance

between the primary transmitier and the given aodliary transmitter.

N
(4

12. The system of claim 8, wherein the primary transmitter and the one or more auxiliary

transmitters transmit a respective acoustic wave at a same time.

13. The system of claim 8, wherein the acoustic wave which causes the tool wave excited by

the primary transmitter to be reduced, excites an inverse of the tool wave.

21



WO 2020/149826 PCT/US2019/013525

14, The system of claim &, wherein the program code to transmit, by one or more auxibiary
transmutters of the logging tool, the acoustic wave which causes the tool wave excited by the
primary transmitier to be reduced comprises program code to transmit by each of the one or

more auxiliary transmitters a respective acoustic wave based on one or more weights.

W

15. A method comprising:
transmitting, bv a transmitter positioned along a longitudinal axis of a logging tool, an
acoustic wave into a geclogic formation which excites a tool wave and a formation wave in
the geologic formation, wherein the logging tool comprises a tool wave propagating factor
10 which is different from a formation wave propagating factor;
recelving, by one or more reccivers positioned along the longitudinal axis of the logging
tool, the formation wave and the tool wave;
propagating waveform data associated with the tool wave and formation wave received
by an auxihary receiver of the one or more receivers based on a distance between
15 the auxiliary recetver and a primary recetver of the one or more recetvers; and
reducing the tool wave in waveform data associated with the formation wave and the tool
wave received by a primary receiver of the one or more roceivers based on the

propagated waveform data.

16. The method of claim 15, wherein the tool wave propagating factor indicates a slowness

20 and attenuation of the tool wave.

17. The method of claim 15, wherein the propagated waveform data associated with cach

receiver represenis an inverse of the tool wave.

18. The method of claim 15, further comprising weighting an amphitude of the propagated

waveform data associated with a given receiver of the one or more receivers.

N
(4

19. The method of claim 15, wherein propagating the waveform data comprises forward or
back propagating the waveform data based on a spatial position of the auxiliary receiver with

respect to the primary receiver.

20. The method of claim 135, wheremn propagating the waveform data comprises adjusting the

wavetorm data by the tool wave propagating factor.
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