Office de la Proprieté Canadian CA 2424715 C 2008/11/04

Intellectuelle Intellectual Property

du Canada Office (11)(21) 2 424 71 5
Un organisme An agency of

d'Industrie Canada Industry Canada (12) BREVET CANADIEN

CANADIAN PATENT
13) C

(86) Date de dépot PCT/PCT Filing Date: 2001/08/28 (51) CLInt./Int.Cl. GO7V 1/44 (2006.01)
(87) Date publication PCT/PCT Publication Date: 2002/03/14 | (72) Inventeur/Inventor:
(45) Date de délivrance/lssue Date: 2008/11/04 GEORGE, WALLACE R. A, US
85) Entrée ph tionale/National Entry: 2003/03/06 (73) Proprietaire/Owner:
(85) Entree phase nationale/National Eniry SCHLUMBERGER CANADA LIMITED, CA
(86) N° demande PCT/PCT Application No.: US 2001/0267/67
- T (74) Agent: SMART & BIGGAR
(87) N° publication PCT/PCT Publication No.: 2002/021160
(30) Priorité/Priority: 2000/09/06 (US09/656,143)

(54) Titre : DIAGRAPHIE ACOUSTIQUE MULTIPOLAIRE DOTEE D'UN FILTRAGE A TRANSFORMEE SPATIALE

AZIMUTALE
54) Title: MULTIPOLE ACOUSTIC LOGGING WITH AZIMUTHAL SPATIAL TRANSFORM FILTERING

1 START }

101 \‘ TRANSMIT ACOUSTIC PULSES
INTO THE FORMATION WHILE MOVING

SONDE WITHIN THE BOREHOLE
AND MONITORING DEPTH OF SONDE

102

PERFORM A/D CONVERSION ON AN
ELECTRICAL OUTPUT SIGNAL FROM ONE
RECEIVER ELEMENT OF AN AZIMUTHAL

ARRAY OF ELEMENTS IN ONE RECEIVER
STATION OF AN AXIAL ARRAY OF

STATIONS TO PRODUCE ELEMENT DATA

SELECT NEXT RECEMER | 104
ELEMENT AT CURRENT
RECEIVER STATION

NO E 103

YES

109 APPLY AZIMUTHAL SPATIAL DFT
FILTERING ACCORDING TO A SELECTED
MODE TO ELEMENT DATA FROM
RECEIVER ELEMENTS TO PRODUCE
RECEVER STATION FILTERED DATA

SELECT NEXT RECEVER p— 107
STATION 1
[F_LAST STATION ~=

il
YES

RECEIVE AND RECORD AN ACOUSTIC
PULSE OF THE SELECTED MODE USING

RECEIVER STATION FILTERED DATA
FROM RECEIVER STATIONS

108 —

(57) Abréegée/Abstract:
A method and apparatus are provided for detecting a received acoustic pulse of a selected azimuthal borehole mode In a liquid-
containing borehole In a formation. The method uses a sonde having an axial array of acoustic recelver stations aligned with the

,
L
X
e
e . ViNENEE
L S S \
ity K
.' : - h.l‘s_‘.}:{\: .&. - A L~
.
A

A7 /7]
o~

W .
‘ l an a dH http.:vvopic.ge.ca + Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC
OPIC - CIPO 191




CA 2424715 C 2008/11/04

anen 2 424 715
13) C

(57) Abrege(suite)/Abstract(continued):

borehole, each recelver station having an azimuthal array of at least four piezoelectric receiver elements, the receiver elements
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duced by analog to digital conversion. In another embodiment, co-
sine transtorm filtering 1s applied by an apodised receiver element.



CA 02424715 2003-03-06

woO 02721160 A3 IR ORI YO RN ALY

HR. HU. ID.IL. IN. IS.JP,. KE. KG, KP, KR, KZ.LC. LK, Published:

LR.LS.LT. LU. LV. MA, MD, MG, MK, MN, MW, MX., — with international search report
MZ. NO, NZ, PL, PT, RO, RU, SD, SE. SG, SI. SK. SL,

T, TM, TR, TT. TZ. UA, UG, US, UZ, VN, YU. ZA, ZW.

(84) Designated States (regional): ARIPO patent (GH. GM (88) Date of publication of the international search report:
SD. rasian 30 May 2002

KE. LS. MW, MZ. SD. SL. SZ. TZ. UG, ZW), Eurasian

patent (AM, AZ, BY. KG.KZ.MD. RU. TJ, TM), European

patent (AT, BE, CH, CY. DE. DK, ES, FI. FR, GB. GR. IE.

[T. LU. MC. NL. PT. SE. TR), OAPI patent (BF. BI, CF,  For two-letter codes and other abbreviations. refer to the "Guid-
CG. Cl. CM. GA. GN, GQ. GW. ML, MR, NE. SN, TD. ance Notes on Codes and Abbreviations" appearing at the begin-
TG). ning of each regular issue of the PCT Gaczette.



CA 02424715 2003-03-06

WO 02/21160 PCT/US01/26767

10

15

20

25

30

Multipole Acoustic Logging with Azimuthal Spatial Transform Filtermg
Technical Field

The present invention relates to apparatus and methods for acoustic logging m
earth formation around a borehole.

Background of the Invention

An mmportant parameter to be determined in logging an oilfield earth formation
around a borehole is the velocity (or its inverse: “slowness’) of acoustic propagation m
the formation. Determining velocity or slowness effectively involves measuring the
time taken by an acoustic signal to travel a known distance m the formation at the
borehole wall, typically using an acoustic transmitter and a plurality of acoustic
receivers. To minimize the effects of spurious signals, the transmitter is typically
excited by periodic pulses.

Acoustic logging of velocity in an earth formation can be performed in a previously
drilled borehole or while drilling the borehole. Conventional logging m a previously
drilled borehole is known as “wireline logging”. In wireline logging, an acoustic
logging tool is lowered into and then pulled out of, a previously drilled borehole, on an
armored “wireline” communication cable. Conventional logging while drilling the
borehole is known as “logging while drilling” (“LWD”). In LWD an acoustic loggmg
tool is attached to a thick steel mandrill close behind the drill bit.

Conventional acoustic tools used in wireline logging or LWD typically include one
transducer configured as a transmitter to generate and transmit an acoustic signal, and a
plurality of transducers, configured as an array of receivers, that detect the acoustic
signal in the borehole. These transducers can be made of piezoelectric ceramic
materials which, when used as transmitters, expand and contract transversely to their
surfaces (i.e., change in thickness) in response to electrical excitation, or conversely,
when used as receivers, generate electrical voltages between those surfaces when
subjected to pressure fluctuations. In the case of transmitters, they can also be
electrodynamic. That is, an electrodynamic assembly can drive their transducing
operation in a manner that is, in principle, similar to the electrodynamic assemblies used

in loudspeakers in many radios and stereo systems. Thus, the transmitter can be driven
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with an appropriate oscillating electrical signal to generate pressure fluctuations m the

liquid in the borehole.

These pressure fluctuations travel (“propagate”) as acoustic signals through the
Jiquid and into and through the surrounding formation. Some of the acoustic signals
propagating through the formation couple back into the borehole liquid to produce
electrical voltage signals at the outputs of the receivers. These voltage signals are
sensed, amplified, and processed downhole to extract information for transmission up
the cable. Alternatively, the waveforms of the voltage signals can be transmitted
uphole, for example as digitized time samples, for processing at the surface.

The type of transmitter most commonly used, a cylinder, generates compressional
pressure waves (“P waves”) in the borehole liquid. However, acoustic logging tools
are not limited to investigating the propagation of P waves. When the P wave reaches
the borehole wall, some of the acoustic energy is typically converted mto other modes
of acoustic propagation. Thus, both P waves and shear waves (“S waves”) can be
excited in the formation. The P waves can also excite guided borehole modes m the
borehole. Guided borehole modes include the monopole Stoneley mode (the lowest
radial order monopole borehole mode), the dipole flexural mode (the lowest radial
order dipole borehole mode), and the quadrupole screw mode (the lowest radial order
quadrupole borehole mode). They can also excite sextupole (also called hexapole) and
other higher azimuthal order borehole modes. The P waves can also excite higher
radial order monopole, dipole, and quadrupole modes in the borehole. The relative
level of excitation for each of the modes depends on such factors as the transmitter
type, the formation type, the borehole size, the frequency range, and how well centered
the transmitter and/or the tool is, amongst other factors. Because these different
modes generally travel at different speeds, they can sometimes be distinguished m the
receiver signals. Determination of such parameters as the speed and attenuation of P,
S, Stoneley, and flexural waves is useful in investigating a variety of subsurface
formation properties of interest in the exploration for hydrocarbons and other valuable
raw materials.

Prior art sonic borehole logging tools typically use the monopole and dipole

formation and lowest radial order borehole modes (Stoneley and flexural) for acoustic

logging. Prior art sonic borehole logging tools that use the dipole mode typically
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measure the sound field downhole in a borehole using an axial array of dipole
receivers. Such tools are discussed in US patent nos. 4,951,267 (the Chang patent),
3,593,255, 4,446,544, and 5,343,001, If too many types of borehole modes and/or
formation waves are significantly present in the pressure signals sensed at the receivers,
then identifying specific acoustic pulses in the recetver signals and selecting the desired
pulse becomes difficult. Thus, a major challenge in the design of acoustic logging tools
that use the dipole mode, is to significantly improve the rejection of monopole and
other non-dipole azimuthal (multipole) mode contammation that can be simultaneously
generated and propagated in the borehole. A similar chaJ]enge' is presented in the
design of acoustic logging tools that use the quadrupole mode, or the sextupole mode,
or any other multipole mode.

Differentiation between monopole and dipole i acoustic logging i a borehole is
typically accomplished in the prior art by using a receiver having an “azimuthal array”
which has only two receiver elements that face each ofher.

The prior art includes various kinds of multipole or azimuthally asymmetric
transducers suspended in the borehole liquid for direct or mdirect shear wave logging.
The prior art includes dipole transducers as disclosed m US patent nos. 3,593,255;
4,207,961; 4,383,591; and 4,516,228, and GB patent specifications 2,124,377 and
0,031,898. It further includes quadrupole transducers as disclosed in GB patent
specifications 2,122,351 and 2,132,763. It further includes octapole transducers as
disclosed mm GB patent specification 2,130,725. US patent no. 4,369,506 discloses the
use of geophones suspended in the liquid in a borehole, the geophones buoyancy-
adjusted to be nearly neutral to encourage sympathetic movement with the borehole
wall. US patent no. 4,542,487 discloses buoyancy-adjusted geophones in orthogonally
mounted pairs. These buoyancy adjustments are difficult to make accurately and
significantly complicate the use of such devices. ‘

Another type of dipole receiver, a “bender”, ncludes a pair of oppositely polarized
piezoelectric plates securely joined together. Such receivers are described in US
patent nos. 4,516,228; 4,606,014; 4,649,525, 4,774,693; 4,782,910 and 5,357,481.

Transmuitters for producing quadrupole and sextupole (hexapole) modes in a

borehole are described in US patent nos. 4,855,963 and 4,932,003. These transmitters
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include a thin-walled, radially poled, piezoelectric cylinder divided electrically mto an

even number of closely matched segments.

Summary of the Invention

The invention provides a method for detecting a received acoustic pulse of a
selected azimuthal borehole mode in a liquid-containing borehole m a formation. The
method uses a sonde having an axial array of acoustic receiver stations aligned with the
borehole, each receiver station having an azimuthal array of at least four piezoelectric
receiver elements, the receiver elements uniformly spaced apart around the azimuthal
array. An acoustic pulse transmitted into the formation produces an electrical signal at
each receiver element. Azimuthal spatial filtering is applied to a representation of the
pulse after the pulse has passed through the formation to produce data representing
pressure associated with the selected azimuthal borehole mode. The number of the at
least four piezoelectric receiver elements in a receiver station is at least equal to, and 1s
generally greater than, the minimum number of azimuthally arrayed receiver elements
required to resolve pulses of the selected mode without aliasmng.

In a first preferred embodiment of the method, analog to digital conversion 1s
performed on an electrical signal from a receiver element to produce element data
representing the electrical signal. This is repeated for other receiver elements in the
azimuthal array to produce element data for each of the other receiver elements.

Azimuthal spatial DFT filtering 1s aﬁp]ied, according to the selected mode, to element

data of a receiver station to produce receiver station data for that receiver station.

This is repeated for each receiver station of the axial array. Then, using receiver
station data, a received acoustic pulse of the selected azimuthal borehole mode 1s
detected.

In a second preferred embodiment of the method, electrical signals from apodised
receiver elements are combined to produce element data representing a cosime
transform of the pressure associated with the receiver station.

Electrical signals from apodised receiver segments are appropriately summed
together to produce data associated with cosine apodised receiver elements. For the
dipole case, element data is combined by differencing signals from pairs of apodised

receiver elements. For the general multipole case, element data is combined by
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summing signals from every other receiver element. Signals

resulting from the resulting palir of receiver element groups

are then differenced. These steps are repeated for each
receiver station of the axial array to yield a set of receiver
station electrical signals. The set of receiver station
electrical signals 1s processed to produce data representing
the received acoustic pulse of the selected azimuthal borehole

mode.

The i1nvention provides an apparatus for detecting a
received acoustic pulse of a selected azimuthal borehole mode

in a liquid-containing borehole. The apparatus includes a

sonde having an axial array of acoustic receiver stations
aligned with the borehole, each receiver station having an
azlmuthal array of piezoelectric receiver elements. It also

includes a transmitter for transmitting an acoustic pulse into

the formation, and a data processor, wherelin at least either
the data processor or the axial array includes means for
applying azimuthal discrete spatial transform filtering. Each
recelver station includes an azimuthal array of at least four

plezoelectric recelver elements. The recelver elements are

uniformly spaced apart around the azimuthal array. In a first
preferred embodiment of the apparatus, the data processor

includes software for applying azimuthal spatial discrete

Fourier transform filtering digitally. In a second preferred
embodiment of the apparatus, the axial array of acoustic

recelver stations 1includes apodised receiver elements.

p—

According to one aspect of the present invention,

there 1s provided a method for detecting a received acoustic
pulse of a selected azimuthal borehole mode in a ligquid-

containing borehole in a formation, the method comprising: a)

providing a sonde having an axial array of acoustic receiver

stations aligned with the borehole, each receiver
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station having an azimuthal array of at least four
plezoelectric receilver elements, the receiver elements
uniformly spaced apart around the azimuthal array; b)
transmitting an acoustic pulse into the formation to produce
an electrical signal at each recelver element responsive to

sald transmitted acoustic pulse; and c) applying azimuthal

spatial filtering to a representation of the pulse after the
pulse has passed through the formation to produce data

representing a received acoustic pulse of the selected

azimuthal borehole mode.

According to another aspect of the present
invention, there 1s provided a method for detecting a received

acoustic pulse of a selected azimuthal borehole mode in a

ligquid-containing borehole in a formation, the method

comprising: a) transmitting a stream of acoustic pulses from a
sonde 1nto the formation; b) performing analog to digital
conversion on an electrical signal from a receiver element of
an azimuthal array of receiver elements, in a receiver station
of an axilial array of receiver stations, to produce element
data representing the electrical signal; c) repeating step b)
for other receiver elements 1n the azimuthal array to produce
element data for each of the other receiver elements; d)
applying azimuthal spatial DFT filtering, according to the
selected mode, to element data of a receiver station to
produce receliver station data; e) repeating steps b) through
d) for each receiver station of the axial array; and f)

detecting a receilved acoustic pulse of the selected azimuthal

borehole mode using receiver station data.

According to still another aspect of the present
invention, there 1is provided a method for detecting a received
acoustic pulse of a selected azimuthal borehole mode in a
liquid-containing borehole in a formation, the method

comprlsing: a) transmitting a stream of acoustic pulses from a
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sonde into the formation; b) combining electrical signals from
a first group of apodised receiver segments of an azimuthal
array of receiver segments, the azimuthal array associated
with one receiver station of an axial array of receiver
stations, to produce a first element data associated with the
one recelver station; c¢) repeating step b) for other groups of
apodised recelver segments of the one receiver station to
produce element data for each of the elements of the one
receiver station; d) combining element data, according to a
selected mode, to produce an electrical signal representing a
cosine transform of the acoustic pulse of the selected
azimuthal borehole received by the one receiver station; e)
repeating steps b) through d) for each receiver station of the
axial array to produce a set of receiver station electrical
signals; and f) processing the set of receiver station
electrical signals to produce data representing the received

acoustic pulse of the selected azimuthal borehole mode.

According to yet another aspect of the present
invention, there 1s provided an apparatus for detecting a
received acoustic pulse of a selected azimuthal borehole mode
in a liguid-containing borehole in a formation, the method
comprising: a) a sonde having an axial array of acoustic
receiver stations aligned with the borehole, each receiver

P

station having an azimuthal array of piezoelectric receiver

elements; b) a transmitter for transmitting an acoustic pulse

into the formation; and c) a data processor; wherein at least

one of elements a), b) and c¢) includes means for applying

azimuthal discrete spatial transform filtering.

Brief Description of the Drawings

FIG. 1 1s a flowchart illustrating the method of a
first preferred embodiment of the invention that uses DFT

filtering.
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FIG. 2 1s a flowchart i1llustrating the method of a

second preferred embodiment of the 1nvention that uses

apodised recelver elements.

FIG. 3 is a schematic diagram of a borehole logging

5 system, showing an elongated sonde with 1ts axial array of

F

receiver stations, including an enlarged view of one of the

stacked-ring arrays, 1in accordance with the first preferred

embodiment of the i1nvention.

FIG. 4A 1s a perspective view of one ring array of

10 the stacked ring array shown in FIG. 3.

_

FIG. 4B 1s an unwrapped view of the ring array of

FIG. 4A.

gp—
—

FIG. 5 shows the structure of one ring array of one

’

of the receiver stations shown in FIG. 3 and provides a

15 schematic diagram of output electrical charge pattern.
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FIG. 6A is a side view of the axial array of receiver stations shown in FIG. 3.

FIG. 6B is a cross section view of the axial array of receiver stations shown in FIG.

FIG. 6C is a cross section view of one ring array at A-A of FIG. 6A.

FIG. 7 (prior art) is a schematic diagram of the radiation pattern from the smgle
pair of dipole elements of the transmitter of the embodument of FIG. 3.

FIG. 8 (prior art) shows slots in the wall of the acoustic source section of the
sonde and in the wall of the acoustic receiver section of the sonde.

FIG. 9A is a perspective view of a ring array of receiver elements, m accordance
with a second version of the embodiment of FIG. 3.

FIG. 9B is an unwrapped view of the ring array of FIG. 9A.

FIG. 10A is a perspective view of a dipole ring array of apodised receiver
elements, in accordance with the second preferred embodiment of the present
mvention.

FIG. 10B is an unwrapped view of the dipole ring array of FIG. 10A.

FIG. 11A is a schematic electronic circuit for producmg the mline output of the
dipole apodised receiver station.

FIG. 11B is a schematic electronic circuit for producing the crossline output of the

dipole apodised receiver station.
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~ Detailed Description

General

The present invention uses anti-aliasing azimuthal spatial filtering m acoustic

Io going in a liquid-containing borehole in a formation to detect a received acoustic
pulse of a selected azimuthal borehole mode in the borehole. The filtering selectively
accepts signals representing the desired azimuthal mode, and selectively rejects signals
that can be generated and propagated in the borehole m other azimuthal modes,
thereby achieving a higher signal to noise ratio than is currently available using prior
art techniques. A first preferred embodiment of the method of the mnvention, illustrated
in FIG. 1, uses full azimuthal spatial Discrete Fourier Transform filtermg (“"DFT
filtering””) implemented digitally. A second preferred embodument of the method of the
invention, illustrated in FIG. 2, uses azimuthal spatial cosme transform filtering (“CT
filtering’”), applied by sinusoidally apodised shaped receiver elements. The apodised
receiver elements are cosine shaped for the dipole borehole mode, double cosine for
the quadrupole, and triple cosine for the sextupole, etc.

In both preferred embodiments, the selected mode is dipole mode. However,
multipole versions are also proposed herem. The selected mode can be quadrupole,
sextupole, or a higher mode by using equivalent methods to those described above, and
by using DFT techniques for DFT embodiments, and by using double and triple, etc.,
smusoid apodisations for apodised embodmments.

In all embodiments, filtering is provided to selectively tune i a selected azimuthal
mode, and to reduce the unwanted effects of aliasing. Although the mvention 18
primarily directed to improving the reception of acoustic signals m a borehole by
reducing the unwanted effects of aliasing, the mvention also reduces some of the

unwanted effects of receiver mismatch, noise, and receiver eccentricity.

Stacked-Ring Array Receiver Stations for Wireline Logging

In the first preferred embodiment of a borehole logging system for wireline
logging, illustrated schematically in FIG. 3, the system mcludes an elongated loggng
tool or sonde 10. Sonde 10 includes a receiver array consisting of an axial array 11 of
twelve receiver stations 50, each receiver station 50 m the form of a stacked-ring

azimuthal array. FIG. 3 includes an enlarged view of one of the stacked-ring arrays.
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In the first preferred embodiment, each stacked-ring array includes a stack of four ring

arrays 51. Each ring array 51 includes eight matched acoustic receiver elements 52 m

the form of piezoelectric buttons equally spaced apart azimuthally around a relatively

acoustically inert ring-like carrier S5. FIG. 4A is a perspective view of one ring array.
5  FIG. 4B is an unwrapped view of the ring array of FIG. 4A.

FIG. 5 shows the structure of one ring array and provides a schematic diagram of
output electrical charge pattern. Each piezoelectric button of each ring array 51 is
poled along its thickness axis, 1.e., transverse to 1its faces, so as to provide outputs as
shown in FIG. 5. Bach ring array 51 includes acoustic receiver element (button) 52

10  mounted to carrier 55. Carrier 55 includes an electrically conductive surface 54 that is
m electrical contact with the mner surface of element 52. Surface 54 of the stacked
rings are in contact with each other, providing parallel connection between the inner
surface of each of the four elements that are m the same azmmuthal orientation. The
outer surface 53 of each of the four elements that are in the same azimuthal orientation

15 are connected by an external connection (not shown). Electrical output is taken
between a first termimal coupled to the external connection and a second termimnal
coupled to conductive surface 54. Electrical isolation between elements is maintained
by insulating gap 56 in conductive surface 54. Thus, the four buttons having the same
azimuthal orientation in the stacked-ring array are stacked mechanlea]ly In Series as

20 shdwn in FIG. 3, but are connected electrically in parallel to improve sensitivity.
Preferably, the piezd electric cerarnic.used to make the buttons is lead titanate. The use
of lead titanate results in a lo wer coupling of interfering axial vibrations to radial
pressure sensitivity. Radial vibrations in a radially aligned piezoelectric sensor produce |
a S1gna1 output voltage representlng the radial vibrations. Ideally, axial vibrations in

25 the same rad1ally aligned piezo electric sensor produce no voltage. However ax1al

wbratlons do produce a low level of spurious radial pressure signal output. The use of

lead t1tanate reduces tlns unwanted effect. d

PIGS 6A and 6B show an elevatlon view and a cross-section side, respectwely, of

a port1on of the axial array. FIG. 4Cisa cross-section view, across A-A of FIG. 4A,

30 ofa smgle ring array 51 of the first preferred embodiment.

Transmitter 31 in FIG. 3 1s a drpole transmitter defining an mljne plane and a cross

line plane Wrtlnn the borehole FIG. 7 (prror art) shows two plates 42 and 44 of a
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dipole transmutter defining an mline plane B--B and a cross line plane C--C within

borehole 14, the plates vibrating in directions shown in arrow D. FIG. 8 (prior art)
shows the casing of the sonde mn greater detail. Source section 30 has a sleeve 48
closed at one end made of steel pipe perforated by numerous slots as at 40. This
section contams an acoustic source for propagating radiation through the borehole
liquid to the formation. Receiver section 34 is also made of steel pipe perforated by
numerous slots as at 40. This section contains an acoustic receiver array for receiving
acoustic radiation propagated back through the borehole liquid from the formation.

As 1llustrated m FIG. 3, sonde 10 in use is suspended on armored communication
cable 12 in borehole 14 penetrating earth formation 16. Borehole 14 is filled with
liquid 18, such as drilling mud, used to stabilize the borehole wall and prevent escape
of formation fluids up the borehole. Sonde 10 is moved in borehole 14 by paying out
cable 12 and reeling it back m over sheave wheel 20 and depth gauge 22 by means of a
winch forming part of surface equipment 24. Logging measurements are usually made
while a sonde is being raised back up the borehole, although in certain circumstances
they can be additionally or alternatively made on the way down. Depth gauge 22
measures displacement of cable 12 over sheave wheel 20 and thus the depth of sonde
10 in borehole 14.

Sonde 10 includes an acoustic source section 30 at the bottom, a spacer section 32
separating this source section from an acoustic receiver section 34, and a coupling
section 36 above the receiver section and attached to cable 12. Sections 30 through 36
are coupled mechanically to each adjacent section by acoustic isolation joints 38.
Source section 30 generates acoustic radiation that propagates through liquid 18 then
into and up the formation 16. Some of the acoustic radiation propagates back through
the liquid 18 to the receiver section 34 which generates digitized signais representative
of successive samples of the waveform of the received radiation. These signals are
suitably conditioned by pro cessing and interface circuitry in sonde 10 for transmission
up cable 12 and into surface equipment 24. Equipment 24 typically receives, decodes,
amp]jﬁes, and records the signals on chart, magnetic tape recorders, and/or more
typica]ly, computer disk, as a function of the depth. Depth signals are generated by
depth gauge 22. In addition, equipment 24 can process i;he data represented by these
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signals to yield indications of the required formation parameters that are also recorded.

Further processing of these and other signals from sonde 10, enables surface

- equipment 24 to monitor the operation of sonde 10 and generate signals which are

transmitted down cable 12 to control sonde 10. This can be, for example, to
synchronize the operation of its component circuits or modify circuit parameters such
as amplifier gam.

FIG. 3 shows five of the twelve receiver stations 50 of axial array 11. The axial
array can include eight to sixteen receiver stations. In the preferred embodiment, the
twelve receiver stations (stacked-ring arrays) of axial array 11 are spaced uniformly six
inches apart. However, it is not required that the stacked-ring arrays of the axial array
of the present invention be uniformly spaced apart. Early processing algorithms
assumed a uniform axial spacing of receiver stations. These processing algorithms can
be easily modified to include the case of non-uniform spaced axial arrays of receiver
stations. These algorithms are known to people skilled i the art and can be used with
embodiments of the present invention in which the recetver stations are non-uniformly
spaced axially.

~ FIG. 3 shows the preferred embodiment includes eight receiver elements S2.
However, in other embodiments the number of receiver elements could conveniently be
any number between four and sixteen. It is highly desirable that the receiver elements
of each ring receiver be uniformly spaced azimuthally, well centered in the borehole,
and closely matched with-each other. In general, the receiver elements m an azimuthal
ring array need to be more closely matched to each other than to the recetver elements
in the other receiver stations in the axial array. In the preferred embodiment, the
azimuthal array receiver elements are matched within 0.3 dB in amplitude and 0.8
degrees m phése of each other over the frequency range of interest.

In the preferred embodiment, each receiver element in each receiver station has an

associated amplifier section, the output of which is coupled to the analog mput of an

~ analog-to-digital (A-D) converter. Sample-and-hold multiplexer circuitry is used to

reduce the number of A-D converters requlred A separate d1g1tal output 31gnal is

- produced for each recewer element of the recelver array. The dlgltal outputs of each

of the A-D converters associated with the receivers can be compressed and directly

sent uphole; and recorded to disk or tape for later post-processimg.
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In an alternative version, the digital outputé from the A-D converters are pre-
processed downhole using Digital Signal Processor (DSP) chips, one DSP chip
processing the digital outputs from each receiver station.

The A-D converter preferably has a resolution of at least 16 bits. This converter
includes a sample-and-hold circuit and an oscillator which generates timing pulses to
coordinate sampling and digitizing of the magnitude of the signal from the amplifier at
regular intervals, for example with a repetition rate of 100 kHz. The A-D converter
has a reset input R connected to the trigger signal line to re-synchronize the oscillator
in the converter each time the source is triggered. In particular, the digitized output
signals of each A-D converter are sent uphole via the circuitry i the section and the
cable to the surface equipment for recording and analysis as required. A typical
amplifier section is preferably configured as a charge amplifier if it 1s located away
from the immediate vicinity of the piezoelectric recetvers. If the amplifier section 1s
located close to its associated piezoelectric receivers, then the amplifier section can be
configured as a voltage amplifier. Circuit components such as amplifiers, A-D
converters, sample-and-hold chips, and multiplexers, as well as software for
compressing digital signals prior to sending them uphole, are used herein as known in
the prior art, in like manner to that disclosed in US patent no. 4,951,267 (the Chang
patent).

The interval between successive trigger signals, and thus the interval between
successive pulses, is arranged to allow recording of waveforms from the receivers of
sufficient duration to include all components of interest before arrival of energy
resulting from the next firing of the source. This interval will therefore depend on the
velocity of acoustic energy propagating through the formation, and can be fixed in
advance in anticipation of expected shear velocity values for the formation to be
investigated or adjusted during logging in accordance with actual measured values.
The repetition rate of the trigger signals will also depend on the rate at which the
sonde is drawn up the borehole and the desired distance between formation points at
which measurements are to be made. -Thus, for a measurement spacing of six inches at
a logging speed of 1800 feet pér hour, one trigger pulse per second suffices. A typical
maximum trigger pulse rate is 15 pulses per second. Preferably, receiver stations are

equally spaced, and the measurement spacing equals the spacing between receiver
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stations. Having successive pairs of trigger pulses occur after the sonde has moved a
distance equal to the receiver spacing, allows the use of analytical techniques which
take advantage of the multiple redundant measurements obtained with an array of
receivers. The A-D converter is free-running, so it typically digitizes many samples
between measurement trigger signals that are not required. These surplus
measurements need not be recorded. However, the measurements occurring after a
trigger signal but before acoustic energy reaches the receivers are recorded m the
preferred embodiment. This permits the initial part of the digitized signal, betore
arrival of acoustic energy of the receivers, to be used in establishing a zero level for .
analysis of subsequent parts of the digitized signal.

In an alternative embodiment, the digital outputs of the A-D converters associated
with each receiver station are pre-processed downhole usmg Digital Signal Processor
(DSP) chips downhole. In this embodiment, one or two DSP chips are used, and the
digital outputs are compressed and directly sent uphole and recorded to disk or tape

for later post-processing.

Full-Coverage Ring Receiver Stations for Wireline Logging

In a variant on the first preferred embodiment, multiple "full-coverage” ring
receiver elements are used, made from a radially polarized piezoelectric ceramic ring.
As illustrated in FIGS. 9A and 9B, ring array 61 includes a piezoelectric ring that is
machined to produce matched, electrically éep arate, but mechanically contiguous,
rectangular receiver elements 62. The ceramic ring is made of radially polarized lead
titanate piezoelectric ceramic. The inner and outer surfaces of each ring are coated
with a thin conductive coat of silver or gold film, a few hundred nanometers thick, to
form separate inner and outer electrodes. The mner electrodes serve as ground
electrodes. A laser, or a numerically controlled milling machine, is used to lightly
scroll away thin vertical lines of electrode from fhe outer surface of each'rmg. Enough
vertical ]jnés are scrolled to form the number of matched, equally-spaced receiver

elements that are desired. This variant preferably uses sixteen receiver elements.
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Apodized Receiver Stations for Wireline Logging

In a second preferred embodiment, each receiver station 70 mcludes a plurality of
apodised receiver segments 72, as llustrated in FIGS. 10A and 10B for the di}ﬁole
case. A piezoelectric ring is machined to produce matched, electrically separate, but
mechanically contiguous, receiver segments 72. The piezoelectric ring is made of
radially polarized lead titanate piezoelectric ceramic. The mner and outer surfaces of
each ring are coated with a thin conductive coating of silver or gold film, a few
hundred nm thick, to form separate inner and outer electrodes. The inner electrodes
serve as ground electrodes. In this embodiment a laser, or a numerically controlled
milling machine, is used to lightly scroll away thin vertical lines of electrode from the
outer surface of each ring. Enough vertical limes are scrolled to form receiver
segments 72 as shown m FIGS. 10A and 10B. .'

Apodised receiver segments 72 are shown in FIG. 10B as S1 — S8. (Edge portions
S9 and S10 are not used). Each apodised receiver element 1s formed by connecting
electrically m series (voltage summing) the outputs of three segments. Four receiver
elements are formed m this way.

FIG. 11A is a schematic electronic circuit for producing the mline output of the
apodised receiver station. Details of the circuit components shown are not described
herem because:they are well known to those skilled m the art. :

Referring to FIGS. 10B and 11A, a first receiver element sumns the analog outputs
from sections S2 and S3 to produce first receiver element output signal 121, with a
voltage of (S2+S3+S4), as shown in FIG. 11A. A second receiver element output has
an output signal 122, with a voltage of (S6+S7+S8). A third receiver element has an
output signal 123, with a voltage of (S8+81+82), as shown in FIG. 11B. A fourth
receiver has an output signal 124, with a voltage of (S4+S5+S6).

The voltage outputs of first and sécond recveivezar elements are differenced to
produce an inline voltage: (S2+53+54)-(S6+S7+S8). The voltage outputs of third and
fourth receiver elemeﬁts are differenced to produce a crossline voltage (S8+S1+52)-
(S4+S5+56).

The two electrically separate receiver elements are structured to have a pressure
sensitivity response that varies in thé zaz:imutha:l difection so as to apply cosine

transform filtering in the process of generating the receiver (analog) output signals.
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This requires that the pressure sensitivity of each azimuthal receiver array vary in the
form of a single sinusoid or multiple sinusoids azimuthally around the array. For
dipole selection, each receiver element is shaped according to the first 180 degrees of a
single sinusoidal shape. For quadrupole selection, each receiver element is shaped
according to the first 90 degrees of a double sinusoidal shape. For sextupole selection,
each receiver element is shaped according to the first 60 degrees of a triple sinusoidal
shape. The sinusoids are oriented such that their sensitivity maxima are aligned mlme
with the orientation of the multipole source. The shape of the electrodes on each
receiver can be physically tailored to achieve this apodisation.

As shown in FIG. 11A, analog outputs from sections 82, S3, and S4 of the ring m
FIG. 10B are summed to produce analog receiver element output 121 associated with
a first receiver element. The signals are all measured with respect to ground potential.
The analog outputs from sections S6, S7, and S8 are summed to produce an analog
receiver element output 122 associated with the second receiver element. Butfered
outputs 131 and 132, corresponding to outputs 121 and 122, are differenced to
produce the inline output 141 of the apodised receiver station. This assumes that these
receivers are aligned inline with the orientation of a dipole transmitter.

As shown in FIG. 11B, the analog outputs from sections S8, S1, and S2 are
summed to produce analog receiver element output 123 associated with the third
receiver element. The analog outputs from sections S4, S5, and S6 are summed to
produce receiver element output 124 associated with the fourth receiver element.
Buffered outputs 133 and 134, corresponding to outputs 123 and 124, are differenced
to produce the crossline output 142 of the apodised receiver station.

In the second preferred embodiment of the apparatus, because only two receiver
elements are associated with each apodised receiver station, the analog i];]ine and

crossline outpﬁts (141 and 142) of each apodised receiver station can be pre—-processed

"downhole without using Digital Signal Processor (DSP) chips. Thus, the mime

receiver element outputs can also be electrically or electronically differenced downhole
to produce the analog dipole output from the inline array. Similarly, the crossline
receiver element outputs can also be electrically or electronically differenced downhole
to pré duce the analog dipole output from the crossline array. In this casﬂe,a the inline

and crossline receiver array outputs are coupled to the analog inputs of analog-to-
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digital (A-D) converters, possibly aided by using multiplexers. The digital outputs of
each of the A-D converters associated with the azimuthal receiver arrays can be then
compressed and directly sent uphole and recorded to disk or tape for later post-

processing.

Apparatus for Lo gghg While Drilling (LWD)
In logging while drilling (LWD) applications, an elongated LWD acoustic loggmng

tool is attached to a thick steel mandrill and placed behind the drilling equipment, and
logging is performed as the borehole 1s being drilled.

Method for Wireline Logging using Stacked-Ring Array Receiver Stations

The first preferred embodiment of a borehole logging system for wireline logging i1s
illustrated in FIG. 1 (method) and in FIGS. 3-8 (apparatus).

The second preferred embodiment of a borehole logging system for wirelme
logging is illustrated in FIG. 2 (method) and in FIGS. 3, 9A and 9B (apparatus).

The theory of operation, covering both embodiments, is given as follows.

Theory of Operation
We define the spectrum of the voltage output from the m’th azimuthally based ring

receiver segment at the 1'th radian frequency, @ to be V 00 (1, m), wherem=1, ... , M,

and where, for sampling interval At, the 1'th radian frequency is defined as

®, = 27T (L(At)) ,forl=0, ..., .

We also define ﬁw (D) to be the array’s rms average pressure sensitivity, and

A . (,6,m) . . . .
A pom(l> & ) to be the normalized receiver pressure sensitivity for the m'th receiver at

azimuthal location 6 (radian frequency). We assume that P . (1, k) and ¢,(, k)

are, respectively, the complex amplitude and azimuthal orientation of the

k yth multipole, and that N o> ©) is the noise spectrum at azimuthal location © , at
radian frequency, ;. The ks are the azimuthal wavenumbers associated with the

azimuthal multipoles in the pressure field. The noise field includes all unwanted,

determiantiC, and/or stochastic pressure field components such as borehole "road
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noise". Usmg these deﬁmtlons a general expression for the spatial Discrete Fourier
Transtorm (DFT) of the voltage output spectrum of the azimuthal receiver array

elements was derived. This expression, which will be used to analyze the multipole

selectivity of various azimuthal array designs, is:

= p— K Emk Sk(la ko, k) v j‘o(!’o(l,k 0)

Ve = H (1) . Z_? )

O - A i
+A(Dksk(l’ N""'ko, k) e.k()(PO(l, ko)]P(Dk(l’ ko)

Zﬂ)ksk(l’kl’k) e_jilcpl(l’kl) (1.1)

- 1eols
+Amksk(l’ N—-kl,k) e k19,4 1)]Nmk(1’k1)

where the M-pomt spatial Discrete Fourier Transform of the spatial spectral

components of the normalized receiver pressure sensitivity (M is the number of

recervers) 18 defmed as ka sk(l’ k', k) |

m—>k (1.2)

and

- 1 275 -
/ - .k‘
A el 0= 5 ]O A -0, 6, m) eik0dg

_ - 1] . . .
= SN {Awem(l’ 0, m)}, the inverse Finite FT

0— k
1.e., A em(l, g,m) = Ooutside the interval (0 < g <2q)
M .,
.{(1.3)
lim {Dg-1{A e
= {im N 1, -—, I
Jim {DSTRA e e m

ﬂ..,)k
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and N, defmed by the usage in equation 1.3, is the number of equi-spaced points
used in the azimuthal discretization of the normalized recelver pressure sensitivity.

Equation 1.1 1s an expression for the spatial Discrete Fourier Transform of the

receiver voltage output spectrum. It gives the spectral output at frequency ,, that

5 would be obtammed i the k'th Fourier Transform (DFT) "bin" after spatially Fourier
Transformng the voltage outputs of the azimuthal receiver array. Note that ko= 0 for

monopole pressure fields, k, = 1 for dipole pressure fields, k, =2 for quadrupole
pressure fields, ky = 3 for sextupole pressure fields, etc. For the zeroth DFT bm

(k=0), this spatial DFT corresponds to summing the outputs of all the receivers. For
10 the "first” DFT bin (k=1), for a 2-receiver azimuthal array only, this spatial DET
corresponds to differencing the outputs of the two receivers. Thus, equation 1.1 is a
generalization, for multi-receiver azimuthal arrays of the receiver summing and
differencing operations used in the 2-receiver case to isolate the "monopole"” and
"dipole"” parts of the borehole pressure field. It allows for the possibility that each

15  receiver element can be of finite size and/or have pressure sensitivities that are
apodised (shaped) m the azmmuthal direction. The two types of dipole receivers
described in the Prior Art section, can be regarded as special cases of a more
generalized dipole receiver array design. Equation 1.1 allows us to characterize the
perfonnance of the two array embodmments being proposed m this patent. It also

20 allows us to compare thewr performance to that of a typical “prior art” receiver and to
each other’s performance.

Equation 1.2 defines a function (Bmk (L, ko, k)) which will be called the azimuthal

mode response function. We call the reference direction, that we assume to be zero
degrees when setting up the spatial DFT, the spatial DFET direction. Thus, ¢@,(1,K)1S
25  the angular orientation, with respect to the spatial DFT direction, of the signal's

k ,th azmuthal multipole mode (at frequency ®,). Stmilarly, ¢,(1,%,) is the angular

orientation, with respect to the spatial DFT direction, of the energy associated with the

k’'th azimuthal noise wavenumber. We assume that the receiver outputs result from a

pressure environment where there is no "significant” signal energy beyond the

30 Ko'th azimuthal multipole and no "significant" noise energy beyond the K ,th "noise”
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multipole. There is, however, no restriction on the size of K K1 Also, we refer to

0or
the noise amplitude associated with each of the pressure field’s aznnuthal noise

wavenumbers as the external noise’s wavenumber spectra.

It is obvious from equation 1.1, that the k'th b of the spatial Discrete Fourier

Transform of the receiver voltage output spectrum, \_/mk(L k), can pick up

contributions from a variety of azimuthal modes and from energy associated with

various noise wavenumbers. The extent of the contributions depends on the shape of

Ak Sk(l, k o, k), the spatial Discrete Fourier Transform of the normalized receiver

pressure sensitivity. The location and sensitivity "shape” of the elements of the

azimuthal array purely determines this shape. Thus, A sk(l’ k 5, k) can be viewed as

an azimuthal mode filter function. Variation m shape can be mterpreted m terms of the
array responding to or selecting certain azimuthal modes and rejecting others. For
each of the array’s spatial DFT bins, the modal contribution to it 1s given by the
product of the value of the azimuthal mode response function and projections of the
mode’s amplitude in the spatial DFT direction. Thus, additionally, each of the array’s
spatial DFT bins, will get noise contributions given by the product of the value of the
azimuthal mode response function and projections, in the spatial DFT direction, of the
external noise’s wavenumber spectra. Depending on the shape of external noise’s
wavenumber spectra, some array designs would also have better noise rejection
characteristics than others. Thus, an array’s azimuthal mode response function can
give critical information about its mode selection and noise rejection performance.
Consider the case of equally spaced, perfectly-matched receivers that are perfectly-
centered m a borehole which has an acoustic pressure field consisting only of
monopole and dipole components. This is an ideal case. In practice, receivers are not
perfectly matched. This fact must be accounted for in the design of receiver arrays.
However, this is a good starting point for discussion. In the 2-receiver case, where
M=2, bin O of the array response function has peaks at wavenumbers 0, 2, 4, 6, 8, etc.
Bin 1, on the other hand has peaks at wavenumbers 1, 3, 5, 7, 9, etc. Thus, the output
in bin 0, which is obtained by summing the receiver outputs, contains monopole
components, m addition to aliased quadrupole, octapole, and higher even wavenumber

components from the pressure field. The other components of the field are perfectly
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rejected. The output in bin 1 for the 2-receiver case is obtained by smmply differencing
the recerver outputs and contams dipole as well as aliased sextupole, decupole, and
higher odd wavenumber components from the pressure field. As before, the other
components of the field are perfectly rejected. In general, all 2-port dipole receivers
(including benders) tend to have similar aliasing behavior.

From this general standpoint, the summing and differencing operations on the
receiver outputs used in the prior art to separate the monopole and dipole parts of the
pressure field are equivalent to performing a 2-receiver spatial (azimuthal) Fourier
Transform (DFT) on the receiver outputs. Continuing the assumption ot pertectly
matched receivers, we can also assume a borehole pressure field that only consists of
monopole and dipole components. As a result, summing the outputs of pairs of
receivers that are 180 degrees apart from each other, gives the monopole (typically
Stoneley, compressional, and shear) part of the field, and differencing their outputs
gives the dipole (typically flexural) part of the field.

Notice, however, that (for either bin) the filtering effect from usmg two equally
spaced point receivers does not attenuate the higher order aliased components of the
pressure field. Thus, for this 2-receiver case, summing the receiver outputs results m
an output which contains the monopole part and any aliased contributions from the
quadrupole, octapole, etc., parts of the pressure field. Similarly, for the 2-receiver case,
differencing the outputs of the two oppositely placed receivers measures the dipole
part and any aliased contributions from the sextupole, decupole, etc., parts of the
pressure field. Thus, if these components are significantly present in the pressure field,
they will similarly be present in the summed (bin 0) or differenced (bin 1) receiver
outputs. In some cases, this caﬁ result in a received pressure field that is sigmticantly
contaminated. This problem is addressed by the disclosed embodiments of the present
mvention.

We now consider the case of equally spaced, perfectly matched, point recetver
arrays consisting of four receivers. Bm O of the array respoﬁse function now has peaks
at wavenumbers 0, 4, 8, 12, 16, etc. Bin 1 has peaks at wavenumbers 1, 5, 9, 13, 17,
etc. Bin 2 has peaks at wavenumbers 2, 6, 10, 14, 18, etc. Bin 3 has peaks at
wavenumbers 3, 7, 11, 15, 19, etc. Thus, the output in bin 0, which is obtained by

summing the receiver outputs, selects the monopole components of the pressure field
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in addition to higher order components corresponding to wavenumbers 4, 8, 12, etc.
The other components of the field are perfectly rejected. The output in bin 1 selects the
dipole components of the pressure field in addition to higher order components
corresponding to wavenumbers 5, 9, 13, etc. The other components of the field are
perfectly rejected. As before, the filtering effect from using four equally spaced pomt
receivers, does not attenuate the higher order aliased components of the pressure field.
This idea can be generalized to the case when M perfectly-matched, equally
spaced, and perfectly centered receivers are used to measure the acoustic pressure at
each axial location (for mteger M >1). In general, bm O of the M-bm spatial Fourier
Transform (DFT) contams the monopole part and aliased higher order multipole
pressure field contributions and bin 1 contains the dipole and aliased higher order
multipole pressure field contributions. In practice, the frequency ranges used m sonic
logging are designed to excite the lowest order azimuthal borehole modes. The greater
the number of receivers used m the array (M), the higher the order of the potential ahas
contributions received. Often, the higher the azmmuthal order of the borehole modes,
the less they are excited m the borehole by unperfect transmitters. Thus, a greater
number of receivers used m the array (M), results i a smaller reception of aliasmg

contanunation.

We now comnsider the case of perfectly matched sinusoidally apodised full coverage
ring receivers where their pressure sensitivity vary m the form of a single sinusoid
azimuthally around them. The sinusoid is assumed to be oriented such that the
sensitivity maximum occurs at zero degrees. The shape of the electrodes on each
receiver can be physically tailored to achieve this apodisation. This apodisation can
also be achievable either electronically or digitally by imagining each full coverage
receiver element as consisting of several smaller piezoelectric sections. The outputs of
these sections can then be weighted and combined either electronically or digitally to
approximate a single receiver array element output. There is a heterodyning effect on
the azimuthal array modal response function. The wavenumber locations of the peaks
in the azimuthal array response are shifted/split to form peaks at locations 1
wavenumber higher and 1 wavenumber lower. More strikingly, however, only dipole
is selected in bin 0. There is no aliasmg. This is the ultimate in selectivity. Thus,

summation of the sinusoidally apodised receiver outputs selects only dipole energy.
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This is the same as differencing the outputs of mirror—-imagé halt-smusoidally
responding sections. In addition, only wavenumber 1 of the external noise
wavenumber spectra is selected. This results in an extremely high signal (assumed to
be dipole) to noise (both coherent and incoherent) selectivity ratio.

In general, a double sinusoidal apodisation can be used to uniquely select
quadrupole, a triple smusoidal apodisation can be used to uniquely select sextupole,

etc.

Method of the First Preferred Embodiment (DFT)

FIG. 1 is a flowchart that illustrates the first preferred method of the invention. A
more detailed description is provided in the instructions that follow for the dipole case.

Couple each of the analog outputs of the receiver elements of the first embodiment
of the apparatus to the mput channel of an A-D converter.

Couple the A-D converters’ digital outputs associated with an azimuthal array to a
DSP chip downhole. Alternatively, compress these digital outputs and send them
uphole to be recorded on tape or computer disk. Performm DFT's on the groups of
digital outputs associated with each azimuthal array. This would be performed
downhole using the DSP chips. This would be performed uphole in post-processing
using one of the many computer programs for performing DFT computations.

Associate the DFI”s first bin (bin 0) with monopole pressure variation (and any

associated aliasing contributions), and the second bin (bin 1) with dipole pressure

ﬁvariation (and any associated aliasing contributions). The third b (bin 2), if there are

enough receivers in the azimuthal array for it to exist, would be associated with
quadrupole pressure variation (and any associated aliasing contributions). The fourth
bin (bin 3), if there are enough receivers i the azimuthal array for it to exist, would be
associated with sextupole pressure variation (and any associated aliasing
contributions).

Use enough receivers in the receiver array so that aliasing contributions can be

assured of being neghgible. In the preferred embodiment, eight receivers are used.
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Method of the Second Preferred Embodimment (Apodisation)

FIG. 2 is a flowchart that illustrates the second preferred method of the mvention.
A more detailed description 1s provided in the mstructions that follow.

Use electronic summing and multiplexing techniques to combme the analog outputs
from the receiver sections S2, S3, and S4 of the ring in FIG. 10B to produce an analog
output associated with the “positive” smusoidally apodised inline receiver element.

Use electronic summing and multiplexing techniques to combme the analog outputs
from the receiver sections S6, S7, and S8 of the rmg in FIG. 10B to produce an analog
output associated with the “negative” sinusoidally apodised mline receiver element.

Similarly, use electronic summing and multiplexing techniques to combine the
analog outputs from the receiver sections S8, S1, and S2 of the rmg m FIG. 10B to
produce an analog output associated with the “positive” smusoidally apodised crossline
receiver element. Use electronic summing and multiplexmg techniques to combme the
analog outputs from the receiver sections S4, S5, and S6 of the rmg in FIG. 10B to
produce an analog output associated with the “negative’” sinusoidally apodised
crossline receiver element.

Couple each of the analog outputs of the smusoidally apodised receiver elements of
the second preferred embodiment of the apparatus to the mput channel of an A-D
converter. The method keeps more information available for later processing and
mmterpretation.

Alternatively, m this second embodiment, because only two or four receiver
elements are associated with each azimuthal array, their analog outputs can be pre-
processed downhole. This means that the inlme receiver element outputs can be
electrically or electronically differenced downhole to produce the analog dipole output
from the inline array. It also means that the crossline receiver element outputs can be
electrically or electronically differenced downhole to produce the analog dipole output
from the crossline array. Couple the analog dipole outputs from each mline and the
cross-line array to separate mput channels of an A-D converter.

Compress the digital outputs of the A-D converters and send them uphole to be
recorded on tape or computer disk.

Difference the digital outputs associated with the “positive’ and “negative”

receiver elements for the inline and the crossline array. This would preferably be
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performed uphole in post-processing using one of the many computer programs for
performing these simple computations digitally.
Associate these differenced digital outputs (performed either downhole or uphole)

with the dipole contributions in the borehole pressure field.

Quadrupole and Sextupole Modes
Methods equivalent to the second preferred embodiment are available for
quadrupole and sextupole reception by using double and triple sinusoid apodisations

and performing steps similar to those described above.
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What is claimed is:
1. A method for detecting a received acoustic pulse of a selected azmmuthal
borehole mode in a liquid-containing borehole in a formation, the method comprising:
a) providing a sonde having an axial array of acoustic receiver stations aligned
-5 with the borehole, each receiver station having an azimuthal array of at least four
piezoelectric receiver elements, the receiver elements uniformly spaced apart around
the azmmuthal array;
b) transmitting an acoustic pulse into the formation to produce an electrical
signal at each receiver element responsive to said transmitted acoustic pulse; and
10 C) applying azmmuthal spatial fﬂteﬁng to a representation of the pulse after the
pulse has passed through the formation to produce data representing a received
acoustic pulse of the selected azmmuthal borehole mode.
2. A method according to claim 1, wherein the number of the at least four
piezoelectric receiver elements in a receiver station is at least equal to the mimimuim
15  number of azimuthally arrayed receiver elements required to resolve pulses of the
selected mode.
3. A method for detecting a received acoustic pulse of a selected azimuthal
borehole mode in a liquid-containing borehole in a formation, the method comprising:
a) transmitting a stream of acoustic pulses from a sonde into the formation;
20 b) performing analog to digital conversion on an electrical signal from a
receiver element of an azimuthal array of receiver elements, m a receiver station of an

axial array of receiver stations, to produce element data representing the electrical

signal;
C) repeating step b) for other receiver elements m the azimuthal array to
25 produce element data for each of the other receiver elements;

d) applying azimuthal spatial DFT filtering, according to the selected mode, to
element data of a receiver station to produce receiver station data;

e) repeating steps b) through d) for each receiver station of the axial array;

and

30 f) detecting a received acoustic pulse of the selected azimuthal borehole

mode using receiver station data.
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4, A method for detecting a received acoustic pulse of a selected azimuthal
borehole mode m a hquid-contaming borehole m a formation, the method comprising:
- a) transmitting a stream of acoustic pulses from a sonde into the formation;
b) combining electrical signals from a first group of apodised receiver
5  segments of an azimuthal array of receiver segments, the azimuthal array associated
with one receiver station of an axial array of receiver stations, to produce a first
element data associated with the one receiver station;

C) repeating step b) for other groups of apodised receiver segments of the one

recerver station to produce element data for each of the elements of the one receiver
10 station;

d) combining element data, 5ccording to a selected mode, to produce an
electrical signal representing a cosme transform of the acoustic pulse of the selected
azimuthal borehole received by the one receiver station;

e) repeating steps b) through d) for each receiver station of the axial array to

15  produce a set of receiver station electrical signals; and

f) processing the set of recetver station electrical signals to produce data
representing the received acoustic pulse of the selected azimuthal borehole mode.

5. A method according to claim 4, wherein combining includes differencing
signals from pairs of apodised receiver elements.

20 0. An apparatus for detecting a received acoustic pulse of a selected azimuthal
borehole mode in a liquid-containing borehole i a formation, the method comprising:

a) a sonde having an axial array of acoustic receiver stations aligned with the

borehole, each receiver station having an azimuthal array of piezoelectric receiver

elements;
25 - b) a transmitter for transmitting an acoustic pulse mto the formation; and
C) a data processor;

wherein at least one of elements a), b) and c) includes means for applying
azimuthal discrete spatial transform filtering.
7. An apparatus according to claim 6, wherein each receiver station includes
30 an azimuthal array of at least four piezoelectric receiver elements.
8. An apparatus according to claim 6, wherein the receiver elements are

uniformly spaced apart around the azimuthal array.
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9. An apparatus according to claim 6, wherein means for applying azimuthal
spatial transform filtering mcludes software for performing azimuthal spatial DFT
filtering.

10.  An apparatus according to claim 6, wheremn means for applying azimuthal

5 spatial transform filtering mcludes apodised receiver elements.
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