
METHOD AND APPARATUS FOR DOWNHOLE MEASUREMENT TOOLS 

Technical Field 

The present invention relates generally to systems having well logging 

capability. 

Background 

hi drilling wells for oil and gas exploration, understanding the structure and 

properties of the geological formation surrounding a borehole provides information 

to aid such exploration. However, the environment in which the drilling tools 

operate is at significant distances below the surface and measurements to manage 

operation of such equipment-are made at these locations. Logging is the process of 

making measurements via sensors located downhole, which can provide valuable 

information regarding the formation characteristics. For example, induction logging 

utilizes electromagnetic signals that can be used to make deep measurements, and 

which are substantially unaffected by the borehole and the effects of the zone 

invaded by the drilling. Further, the usefulness of such measurements may be 

related to the precision or quality of the information derived from such 

measurements. 

United States Patent Publication 2004/0059515 Al relates to an apparatus 

and a method for recording a magnetic induction tensor. The apparatus includes 

three mutually orthogonal transmitter dipoles, three mutually orthogonal receiver 

dipoles that are direct-coupled, and three mutually orthogonal receiver dipoles that 

are cross-coupled. The apparatus structured as a triaxial logging unit can be used to 

sample components for the magnetic induction tensor at a point and at regularly 

spaced intervals, moving the triaxial logging unit so that each transmitter and each 

receiver sequentially occupy the same point sequentially for all desired points. The 

determined components from the measurements can be combined to form the 

magnetic induction tensor. 

United Kingdom Patent Application GB 2464210 relates to a method of 

enhancing logs of geological formations by enhancing one or more attributes of a 

log of a geological formation, including data generated in measurement devices. 

The method includes selecting data corresponding to a single channel and 
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In drilting wells for oil and gæ exploration, undorstanding tbe structr¡¡c and

properties oftbe geologicsl formatiou surrourrding a borehole provides i¡rformatio¡

to aid such cxploratiou. However, the envíronsrent in which the drilling tools

operaæ is at signlficaat distances belowlho surfaoe and measr¡remcnts to manage

operation of zuch equipment-a¡e m¿de at tlese locations. Loggiag is the process of
naking Eeasurements via sensots located downhole, whioh c¡n provide valuable

infor¡nation regarding the forrnation cha¡acteristics. For exarnple, induction logging

utilizes €lectomagnetic siguals lhat oan be used to make deep measuremeuts, ard

which a¡e substantially wøffected by the borehole a¡d tbe effects oftho zone

invqdcd by the dritling. Frrthcr, the usefr¡lness of such rneasuremeuis may be

related to the precision or quality of the infomado¡ derived ñom such

mea$Ùements.

United States Patent Publication 2004/0059515 Al ¡clates to sû ÂppaÉtus

and a mcthod fo¡ recorrlìng a magnetic indu;tion tcnsor. The apparatus includes

tluee mutually orthogonal ha¡¡smiüer dípoles, th¡ce mutuaüy orthogonal recciver

dipoles that a¡e dircct-coupled, and tb¡ee mun¡ally orlhogonal receiver dipoles that

are cross-coupled. Tbc apparatus strrctured as a tia¡cial logging unit can be rsed to

sample cornporents for the magnetic induction lenso¡ at a point aad at regularly

spaced interuals, moving the tri¿xial logg¡g r¡nit so that esch t'ar¡smitter a¡d each

receiver sequentially ocoupy rho sarue point sequentially for all desired points. The

dctermined components Êom the measumments c¿r¡ bo combined to form the

m¿g¡etic induction tcnsor.

United Kfurgdom Patcnt Ap'plication GB 2464270 relates to amethod of
enhancing logs of geological formations by cnhancÌng one or more attributes of a

tog of a geological formation, including data gcneratcd i¡measuement devices.

The method includes selectirrg data correqponding to a single channel and
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deconvolving it and imposing one or more attributes of the resulting deconvolved 

data onto convolved log data of mulitple channels in order to create an enhanced 

log. 

International Publication WO 2007/1 33661 A2 relates to roulticomponent 

induction measurements that are used to estimate horizontal and vertical resistivities 

of an earth formation. From these resistivity estimates, sand thicknesses may be 

estimated, which are indicative of the position of a well within a deep, water 

channel sequence. 

International Publication WO 2008/076130 relates to electromagnetic 

resistivity logging systems and methods that employ an antenna configuration 

having at most two transmitter or receiver antenna orientations that rotate relative to 

the borehole. The measurements made by this reduced-complexity antenna 

configuration enable the determination of at least seven components of a coupling 

matrix, which may be determined using a linear system of equations that express the 

azimuthal dependence of the measurements. For increased reliability, measurement 

averaging may be performed in azimuthally spaced bins. The coupling matrix 

components can then be used as the basis for determining logs of various formation 

parameters, including vertical resistivity and anisotropy. 

Brief Description of the Drawings 

Figure 1 shows a block diagram of an embodiment an apparatus having a 

processing unit and a tool to determine properties downhole in a well, according to 

various embodiments. 

Figures 2A and 2B show example embodiments of arrangements of 

transmitters and receivers that can be used in conjunction with a processing unit to 

operate so as to mimic a different arrangement of transmitters and receivers, 

according to various embodiments. 

Figures 3A and 3B show the structure of Figure 2A divided into two kinds of 

systems: an up-transmitter system and a down-transmitter system, according to 

various embodiments. 
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log.

I¡æmational Publication WO 2007/133661 A2 ¡clatss 1o uulticomponent

indupdon measruoments ttrat a¡e used to estimaie horizontal and verticalrpsistivitres

of an eafth forn¡ation From thesa ¡esistivity esti¡nates. sand thioknæses may be

estimatd whích are índicative ol'the position of a well within a deep, rvater

cha¡rnel sequ6¡c€.

Intemation¡rl Publication IVO 2008i076130 relates to elcctroroagtotic

resistivity logging systems a¡rd mothods thæ emptoy an antsnna co¡¡figuratiou

having at nost two transurittø ol ¡eceiver antcr¡na orientations that rot¡ts rclative to

the borehole- The measu¡cmenæ mado by tJris reduoed.cooplexity Entçnûa

configuration enable the determination of at least seve¡ components of a coupliag

rnatrix, wbich may be determined using a liuear sysæm of equariors tlat express the

szirnuthâl dependoncc of rhe mea$ûements. Fo¡ increæed reliability, measur€ment

averaging may be perforrned ln azintuthally spacod bins, Tho coupling rnatrix

cornponents can then be used as the hsis for determining logs of various fo¡mation

parariet€rs, including vertical rcsistivity and anisotopy.

Bricf Description of thePr¿wingg

Figure I shows a block diagrâm of ¡n embodim€t¡t atr appamtus having a

proccssing rmit and atool to determine properties doumhole i¡a woll, according to

varior¡s embodiments.

Figrres 2Aønô2B show exaople embodiments of arrangements of

tr¿¡¡smiüers and recejvers that c¡¡ bE used ìn conjunction with a processing ì¡nit to

operate so as to mimic a dlfferent anângedr¡ent ofua¡¡smitters and receiverq

according to vario¡.¡-ç embodiments,

Figures 3A and 3B show the structure of Fi$rc 2A divided into two kinds of

syfems: an up-ransurilsf sylerD and a dow¡rtransminer systeÍL according to

va¡ious embodiments.
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Figures 4A and 4B illustrate up shifting the down-transmitter system of 

Figure 3B, according to various embodiments. 

Figure 5 shows a physical structure equivalent to a result of a shift 

operation on the tool of Figure 4A, according to various embodiments. 

5 Figures 6A and 6B illustrate up shifting the down-transmitter system of 

Figure 3B, according to various embodiments. 

Figure 7 shows a physical structure equivalent to a result of a shift 

operation on the tool of Figure 6A, in accordance with various embodiments. 

Figure 8 shows a physical structure equivalent to a result of shift 

10 operations on the tool of Figures 4A and 6A, in accordance with various 

embodiments. 

Figures 9A and 9B illustrate down shifting the up-transmitter system of 

Figure 3A, in accordance with various embodiments. 

Figure 10 shows a physical structure equivalent to a result of a shift 

15 operation on the tool of Figure 9A, in accordance with various embodiments. 

Figures 11A and 11B illustrate down shifting the up-transmitter system 

of Figure 3A, in accordance with various embodiments. 

Figure 12 shows a physical structure equivalent to a result of a shift 

operation on the tool of Figure 11A, in accordance with various embodiments. 

20 Figure 13 shows a physical structure equivalent to a result of shift 

operations on the tool of Figures 9A and 11A, according to various 

embodiments. 

Figure 14 shows a physical structure equivalent to a result of combined 

shift operations on the tool of Figures 4A, 6A, 9A, and 11A, according to 

25 various embodiments. 

Figures 15A-15D shows examples of different physical structures that 

can be realized in measurement functions by a tool, having a fixed arrangement 

of transmitters and receivers, operated with respect to shifting positions of the 

transmitters relative to the receivers, according to various embodiments. 

30 Figure 16A shows a physical structure whose measurements can be 

obtained by the tool of Figure 2A by selectively taking measurements at 

locations relative to a reference location such that these measurements mimic the 

physical structure, according to various embodiments. 

2 

Figures 4A and 48 illustrate up shifting the down-transmitter system of

Figure 3B, according to various embodiments.

Figure 5 shows a physical structure equivalent to a result of a shift

operation on the tool of Figure 44, according to various embodiments.

5 Figures 6A and 68 illushate up shifting the down-hansmitter system of

Figure 38, according to various embodiments.

Figure 7 shows a physical structure equivalent to a result of a shift

operation on the tool of Figure 64, in accordance with various embodiments.

Figure 8 shows a physical structure equivalent to a result of shift

10 operations on the tool of Figures 4A and 64, in accordance with various

embodiments.

Figures 9A and 98 illustrate down shifting the up-transmitter system of

Figure 34, in acco¡dance with various embodiments.

Figure 10 shows a physical structure equivalent to a result of a shift

l5 operation on the tool of Figure 94, in accordance with various embodiments.

Figures 1lA and l lB illushate down shifting the up-transmitter system

of Figure 34, in accordance with various embodiments.

Figure 12 shows a physical structure equivalent to a result of a shift

operation on the tool of Figure l1A, in accordance with various embodiments.

20 Figure 13 shows a physical structure equivalent to a result of shift

operations on the tool of Figures 9A and 114, according to various

embodiments.

Figure 14 shows a physical structure equivalent to a result of combined

shift operations on the tool of Figures 44, 64, 94, and 1lA, according to

25 variousembodiments.

Figures 154-15D shows examples of different physical structures that

can be rcahzed in measurement functions by a tool, having a fxed arrangement

of hansmitters and receivers, operated with respect to shifting positions of the

transmitters relative to the receivers, according to various embodiments.

30 Figure 164 shows a physical sfructure whose measurements can be

obtained by the tool of Figure 2[by selectively taking measurements at

locations relative to a reference location such that these measurements mimic the

physical structure, according to various embodiments.
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Figure 16B shows a physical structure whose measurement function can 

be attained by the tool of Figure 2A by selectively taking measurements at 

locations relative to a reference location such that these measurements mimic the 

physical structures of Figure 16A and 15D. 

5 Figure 17 shows features of an example method of operating a tool 

downhole in a well, according to various embodiments. 

Figure 18 depicts a block diagram of features of an example system 

having a processing unit and a tool to operatively provide measurements to 

mimic different arrangements of transmitters and receivers, according to various 

10 embodiments. 

Figure 19 depicts an embodiment of a system at a drilling site, according 

to various embodiments. 

Detailed Description 

15 The following detailed description refers to the accompanying drawings 

that show, by way of illustration and not limitation, various embodiments in 

which the invention may be practiced. These embodiments are described in 

sufficient detail to enable those skilled in the art to practice these and other 

embodiments. Other embodiments may be utilized, and structural, logical, and 

20 electrical changes may be made to these embodiments. The various 

embodiments are not necessarily mutually exclusive, as some embodiments can 

be combined with one or more other embodiments to form new embodiments. 

The following detailed description is, therefore, not to be taken in a limiting 

sense. 

25 Figure 1 shows a block diagram of an embodiment of an apparatus 100 

having a processing unit 120 and a tool 105 to determine properties downhole in 

a well 102. Tool 105 has an arrangement of transmitters and receivers 110-1, 

110-2 . . . 110-(N-1), 110-N to operate in conjunction with processing unit 120 

to mimic a different arrangement of transmitters and receivers. Mimic as used 

30 herein means to imitate or copy in operation. Equivalent, similar, or identical 

control and processing of arrangements of transmitters and receivers as disclosed 

in various embodiments herein provide a mechanism for these arrangements to 

simulate or resemble closely in operation other physical arrangements of 
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Figure 168 shows a physical structr¡re whose measurement function can

be attained by the tool of Figure 2y'^by selectively taking measurements at

locations relative to a reference location such that these measurements mimic the

physical structures of Figure 16A and 15D.

Figure 17 shows features of an example method of operating a tool

downhole in a well, according to various embodiments.

Figure l8 depicts a block diagram of features of an example system

having a processing unit and a tool to operatively provide measurements to

mimic different arrangements of fransmitters and receivers, according to various

embodiments.

Figue 19 depicts an embodiment of a system at a drilling site, according

to various embodiments.

Detailed Description

15 The following detailed description refers to the accompanying drawings

that show, by way of illustration and not limitation, various embodiments in

which the invention may be praoticed. These embodiments are described in

sufficient detail to enable those skilled in the art to practice these and other

embodiments. Other embodiments may be utilized, and structural, logical, and

20 electrical changes may be made to these embodiments. The various

embodiments are not necessarily mutually exclusive, as some embodiments can

be combined with one or more other embodiments to form new embodiments.

The following detailed description is, therefore, not to be taken in a limiting

sense.

25 Figure I shows a block diagram of an embodiment of an apparatus 100

having a processing unit 120 and a tool 105 to determine properties downhole in

a well 102. Tool 105 has an arrangement of transmitters and receivers 110-1,

Il0-2 .. . I l0-(N-1), 110-N to operate in conjunction with processing unit 120

to mimic a different arangement of transmitters and receivers. Mimic as used

30 herein means to imitate of copy in operation. Equivalent, similar, or identical

control and processing of arrangements of transmitters and receivers as disclosed

in various embodiments herein provide a mechanism for these arrangements to

simulate or resemble closely in operation other physical arrangements of
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transmitters and receivers such as to be an imitation or imitations of these other 

physical arrangements. 

In an embodiment, an arrangement of transmitters and receivers 110-1, 

110-2 . . . 110-(N-1), 110-N can operate in conjunction with processing unit 120 

5 	to mimic a desired triaxial tool, where it may not be possible to physically 

implement such a triaxial tool for operation in well 102. Transmitters and 

receivers 110-1, 110-2 . . . 110-(N-1), 110-N can be oriented with respect to 

longitudinal axis 107 of tool 105. Each of transmitters and receivers 110-1, 110- 

2 . . . 110-(N-1), 110-N can be tilted with respect to longitudinal axis 107. For 

10 	example, each of transmitters and receivers 110-1, 110-2 . . . 110-(N-1), 110-N 

can be tilted at 45° with respect to longitudinal axis 107 with two transmitters 

perpendicular to each other. The two perpendicular transmitters can be disposed 

on tool 105 with two receivers located between the two transmitters. Each 

sensor element (i.e., transmitters and receivers) in arrangement of transmitters 

15 	and receivers 110-1, 110-2 . . . 110-(N-1), 110-N can be realized as a coil 

element, a tilted coil element, a wire element, a toroidal element, a solenoid 

element, an electrode type element, a transducer, or other appropriate 

electromagnetic based sensor. The selected sensors may operate in various 

frequency ranges. 

20 Processing unit 120 provides signals to selectively activate transmitters 

and selectively acquire measurement signals at the arrangement of transmitters 

and receivers 110-1, 110-2 . . . 110-(N-1), 110-N. Processing unit 120 can 

control activation of the transmitters of tool 105 and can acquire and process 

signals received from the receivers and transmitters in tool 105 with respect to a 

25 	reference location about which shifting of tool 105 is correlated to the 

transmission and reception of signals. A selective set of measurements taken 

with the shifting of tool 105 can essentially mimic an ideal physical triaxial tool 

for measuring formation properties downhole in well. The measurements can be 

taken with tool 105 shifted into specific positions with respect to the 

30 	arrangement of transmitters and receivers 110-1, 110-2 . . . 110-(N-1), 110-N. 

The measurements can be taken with tool 105 by first determining a reference 

location and determining a set of locations relative to the reference location at 

which transmitters are to be activated and a set of locations relative to the 
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tansmitters and receivers such as to be an imitation or imitations of these other

physical arrangements -

In an embodimen! an arrangement of transmitters and receivers I l0-1,

110-2 . . . 110-(N-1), 110-N can operate in conjunction with processing unit 120

to mimic a desired triærial tool, where it may not be possible to physically

implement such a hiaxial tool for operation in well 102. Transmitters and

receivers 110-1, ll0-2 .. . I l0-(N-l), 110-N can be oriented with respect to

longitudinal axis 107 of tool 105. Each of transmitte¡s and receivers 110-1, I l0-

2 . . . ll0-(N-1), I l0-N can be tilted with respect to longitudinal axis 107. For

example, each of üansmitters and receivers 110-1, n0-2 .. . 110-(N-1), I l0-N

can be tilted at 45o u/ith respect to longitudinal axis 107 with two transmitters

perpendicular to each other. The two perpendicular tansmitters can be disposed

on tool 105 with two receivers located between the two transmitters. Each

sensor element (i.e., transmitte¡s and receivers) in anangement of ftansmitters

and receivers 1 1 0-1, ll0-2 .., 1 10-(N-l), l l 0-N can be rcalized as a coil

element, a tilted coil element, a wire element, a toroidal element, a solenoid

element, an electode type element, a transducer, or other appropriate

electromagnetio based sensor. The selected sensors may operate in various

frequency ranges.

Processing unit 120 provides signals to selectively activate transmitters

and selectively acquire measurement signals at the arrangement of transmitters

and receivers 110-1, ll0-2 .. . 110-(N-1), 110-N. Processing unit 120 can

oontrol activation of the hansmitters of tool 105 and can acquire and process

signals received from the ¡eceivers and transmitters in tool 105 \,r¡ith respect to a

reference location about which shifting of üool 105 is co¡related to the

transmission and reception of signals. A selective set of measurements taken

with the shifting of tool 105 can essentially mimic an ideal physical triaxial tool

for measuring formation properties downhole in well. The measurements can be

taken with tool 105 shifted into specific positions with respect to the

arrangement of fransmitters and receivers I l0-1, ll0-2 .. . 110-(N-1), 110-N.

The measurements can be taken with tool 105 by first determining a reference

location and determining a set of locations relative to the reference location at

which fransmitters are to be activated and a set of locations relative to the
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reference location at which signals are to be acquired at receivers and 

transmitters with respect to the selective activation of the transmitter. With these 

locations stored in a machine readable storage medium accessible to processing 

unit 120, the firing of the relevant transmitters at their respective predetermined 

5 locations and the corresponding collection of signals at relevant receivers and 

transmitters at their respective predetermined locations can be made as the tool 

reaches these locations downhole, such as with a tool moving with a downhole 

drilling operation. 

Processing unit 120 can be located at the surface of well 102 operably in 

10 communication with tool 105 via a communication mechanism. Such a 

communication mechanism can be realized as a communication vehicle that is 

standard for well operations. Processing unit 120 can be distributed along the 

mechanism by which tool 105 is placed downhole in well 102. Processing unit 

120 can be integrated with tool 105 such that processing unit 120 is operable 

15 downhole in well 102. Processing unit 120 can be distributed along tool 105 or 

along a structure that delivers tool 105 downhole. 

In various embodiments, a processing methodology operatively 

transforms an array arrangement of transmitters and receivers into a triaxial tool; 

that is, measurements made by the (non-triaxial) tool are processed to be 

20 equivalent to measurement by a tool having a desired triaxial physical structure. 

Such a triaxial tool can be used as a measurements-while-drilling (MWD) tool 

such as a logging-while-drilling (LWD) tool. In addition, the triaxial tool can be 

adapted as a wireline tool. The transformation can be realized by measurements 

taken with respect to a series of depth shifting operations. Once this 

25 transformation is performed, a compensated resistivity can be obtained. In 

addition, the dip angle, the azimuth, vertical resistivity ll,„ and the horizontal 

resistivity R, of the formation can be computed. 

Figures 2A and 2B show example embodiments of arrangements of 

transmitters and receivers that can be used in conjunction with a processing unit 

30 to operate so as to mimic a different arrangement of transmitters and receivers. 

An arrangement of transmitters and receivers can be used in conjunction with a 

processing unit to operate such as to mimic a desired triaxial tool, where such 
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reference location at which signals are to be acquired at receivers and

transmitters with respect to the selective activation of the transmitter. With these

locations stored in a machine readable storage medium accessible to processing

unit 120, the firing of the relevant transmitte¡s at their respective predetermined

5 locations and the corresponding collection of signals at relevant receivers and

transmitters at their respective predetermined locations can be made as the tool

reaches these locations downhole, such as with a tool moving with a dowrihole

drilling operation.

Processing unit 120 canbe located at the surface of well 102 operably in

l0 communication with tool 105 via a communioation mechanism. Such a

communication mechanism can be rcalized as a communication vehicle that is

standard for well operations. Processing unit 120 can be distributed along the

mechanism by which tool 105 is placed downhole in well 102. Processing unit

120 can be integrated with tool 105 suoh that processing unit 120 is operable

15 downhole in well 102. Processing unit 120 canbe disüibuted along tool 105 or

along a skucture that delivers tool 105 downhole.

In various embodiments, a processing methodology operatively

transforms an array arrangement of transmitters and receivers into a triaxial tool;

that is, measutements made by the (non-triaxial) tool are processed to be

20 equivalent to measurement by a tool having a desired triaxial physical structure.

Such a tiaxial tool can be used as a measurements-while-drilling (MlilD) tool

suoh as a logging-while-drilling (LWD) tool. In addition, the triaxial tool can be

adapted as a wireline tool. The transformation can be realized by measurements

taken with respect to a series of depth shifting operations. Once this

25 fiansformation is performed, a compensated resistivity can be obtained. In

addition, the dip angle, the azimuth, vertical resistivity \, and the horizontal

resistivity R" of the formation can be computed.

Figures 2Aand,2B show example embodiments of arrangements of

transmitters and receivers that can be used in conjunction with a processing unit

30 to operate so as to mimic a different arrangement of transmitters and receivers.

An arrangement of transmitters and receivers can be used in conjunction with a

processing unit to operate such as to mimic a desired triaxial tool, where such
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triaxial tool may not be physically realizable. Such arrangements may be used in 

apparatus 100 of Figure 1. 

Figure 2A shows an embodiment of a tool 205-1 that includes receiver 

antennas 214-1 and 214-2 and transmitter antennas 212-1 and 212-2, where 

5 transmitter antennas 212-1 and 212-2 are arranged symmetrically with respect to 

a middle location 209-1 between receiver antennas 214-1 and 214-2 with 

receiver antennas 214-1 and 214-2 between transmitter antennas 212-1 and 212- 

2 such that receiver antennas 214-1 and 214-2 are central with respect to the 

sensors of tool 205-1. Transmitter antenna 212-1 may be referred to as Tup and 

10 transmitter antenna 212-2 may be referred to as TDN, indicating that Tup is above 

TDN when the tool is disposed downhole. Transmitter antennas 212-1 and 212-2 

and receiver antennas 214-1 and 214-2 are tilted with respect to a longitudinal 

axis 207-1of tool 205-1. With tool 205-1 having a cylindrical-like shape, 

longitudinal axis 207-1 is along the length of tool 205-1. 

15 In the example shown in Figure 2A, receiver antennas 214-1 and 214-2 

are separated from each other by 2LR  with each of receiver antennas 214-1 and 

214-2 having centers on the longitudinal axis 207-1 separated from central point 

209-1 between receiver antennas 214-1 and 214-2 by the distance LR. Central 

point 209-1 may be taken as a reference point. Central point 209-1 may be 

20 assigned a numerical value of zero as the point of reference for the effective 

shifting operations to enable the mimicking of a different arrangement of 

transmitter antennas and receiver antennas, such as mimicking a triaxial tool. 

Each of transmitter antennas 212-1 and 212-2 have a center on the longitudinal 

axis 207-1 separated from central point 209-1 by the distance LT. The centers of 

25 transmitter antennas 212-1 and 212-2 are separated from each other by 21.q. In 

the example shown in Figure 2A, all antennas are at the same tilt angle with 

respect to longitudinal axis 207-1, where the tilt angle may equal 45° with 

respect to longitudinal axis 207-1, with Tup and TDN oriented in directions 

perpendicular to each other. 

30 Figure 2B shows an embodiment of a tool 205-2 that includes receiver 

antennas 214-3 and 214-4 and transmitter antennas 212-3 and 212-4, where 

transmitter antennas 212-3 and 212-4 are arranged symmetrically with respect to 

a middle location 209-2 between receiver antennas 214-3 and 214-4 with 
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triaxial tool may not be physically realiz¿ble. Such anangements may be used in

apparatus 100 ofFigure 1.

Figure 2A shows an embodiment of a tool205-1 that includes receiver

antennas 214-l and2l4-2 andhansmitter anûennas 212-l and2l2-2, where

transmitter antennas 2I2-l and2l2-2 arc arranged symmetrically with respect to

a middle location 209-1 between receiver antennas 214-l and2I4-2wtth

receiver antennas 214-l and2I4-2betvteen tuansmitter antennas 212-l and2l2'

2 such that receive¡ antennas 2L4-l and2l4-2 arc central with respect to the

sensors of tool 205-1. Transmitter antenna 2I2-I may be refened to as Tur and

transmitter antenna 212-2may be referred to as ToN, indicating that Tup is above

Tp¡¡ when the tool is disposed downhole. Transmitter antennas 212-1 and272-2

and receiver antennas 214-L and2l4-2 ne tilted with respect to a longitudinal

axis 207-lof tool 205-1. With tool 205-1 having a cylindrical-like shape,

longitudinal axis207-t is along the length of tool 205-1.

In the example shown in Figure 24, receiver antennas 214-l and2l4-2

are separated from each other by 2Ln with each of receiver antennas 214-1 and

214-2having centers on the longitudinal axis207-I separated from cental point

209-1 between receiver antennas 214-l and2l4-2by the distance Ln. Cenfal

point 209-l may be taken as a reference point. Cenfral point 209-1 may be

assigned a numerioal value of zero as the point of reference for the effective

shifting operations to enable the mimicking of a different arrangement of

tansmitter antennas and receiver antennas, such as mimicking a triaxial tool.

Each of transmitter antennas 212-l and2l2-2have a center on the longitudinal

axis207-l separated ftom central point 209-1 by the distance Lr. The centers of

transmitter antennas 212-I and2l2-2 arc separated from each otherby ZLr' In

the example shown in Figure 2A, all antennas are at the same tilt angle with

respect to longitudinal axis 207-l,where the tilt angle may equal 45'with

respect to longitudinal axis 207-l,with Tup and To¡¡ oriented in directions

perpendicular to each other.

Figure 28 shows an embodiment of a tool205-2 that includes receiver

antennas 214-3 and2l44 andtansmitter anteruras 212'3 and2l2-4, where

hansmitter antennas 212-3 and2l2-4 are arranged symmetrically with respect to

a middle location 209-2between receiver antennas 214-3 andZl4-4 with
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receiver antennas 214-3 and 214-4 between transmitter antennas 212-3 and 212- 

4 such that receiver antennas 214-3 and 214-4 are central with respect to the 

sensors of tool 205-2. Transmitter antenna 212-3 may be referred to as Tup and 

transmitter antenna 212-4 may be referred to as TON, indicating that Tup is above 

5 TON when the tool is disposed downhole. Transmitter antennas 212-3 and 212-4 

and receiver antennas 214-3 and 214-4 are tilted with respect to a longitudinal 

axis 207-2 of tool 205-2. With tool 205-2 having a cylinder-like shape, 

longitudinal axis 207-2 is along the length of tool 205-2. 

In the example shown in Figure 2B, receiver antennas 214-3 and 214-4 

10 are separated from each other by 2LR  with each of receiver antennas 214-3 and 

214-4 having centers on the longitudinal axis 207-2 separated from central point 

209-2 between receiver antennas 214-3 and 214-4 by the distance LR. Central 

point 209-2 may be taken as a reference point. Central point 209-2 may be 

assigned a numerical value of zero as the point of reference for the effective 

15 shifting operations to enable the mimicking of a different arrangement of 

transmitter antennas and receiver antennas, such as mimicking a triaxial tool. 

Each of transmitter antennas 212-3 and 212-4 have a center on the longitudinal 

axis 207-2 separated from central point 209-1 by the distance LT. The centers of 

transmitter antennas 212-3 and 212-4 are separated from each other by 2LT. In 

20 the example shown in Figure 2B, all antennas are at the same tilt angle with 

respect to longitudinal axis 207-2, where the tilt angle may equal 45° with 

respect to longitudinal axis 207-2, with Tup and TON oriented in directions 

perpendicular to each other. 

Transmitter antennas and receiver antennas can be arranged into two 

25 kinds of relative positions: parallel and perpendicular. With 0 being the tool 

rotating angle and with the receiver antenna and transmitter antenna parallel to 

each other, the received voltage at the receiver antenna, represented with the 

upper index pr, is expressed as: 

7 

receiver antennas 214-3 and2I44betuteen fransmitter antennas 212'3 and212-

4 such that receiver antennas 214-3 a¡d2I44 arc central with respect to the

sensors of tool 205-2. Transmitter anterma 212-3 may be referred to as Turp and

transmitter antenna 2124 maybe referred to as T¡¡, indicating that T¡p is above

5 Tor when the tool is disposed downhole. Transmitter antennas 212-3 and2I24

and receiver antennas 214-3 and2l44 are tilted with respect to a longitudinal

axis207-2 of tool 205-2. rüith tool 205-2lnvng a cylinderJike shape,

longitudinal axis207-2 is along the length of tool 205-2-

In the example shown in Figure 28, receiver antennas 214-3 and2l4-4

10 are separated from each other by 2Ln with each ofreceiver antennas214'3 and

2144 having centers on the longitudinal axis 207 -2 separated from central point

209-2between receiver antennas 214-3 and2I44by the distance Ln. cenfral

point2}9-Zmay be taken as a reference point. Central point 209-2 maybe

assigned a numerical value of zero as the point of reference for the effective

15 shifting operations to enable the mimicking of a different anangement of

fransmitter antennas and receiver antennas, such as mimicking a triaxial tool.

Each of hansmitter antennas 212-3 and?l24have a center on the longitudinal

axis207-2 separated from cenfral point 209-l by the distance Lr. The centers of

transmitter antennas 212-3 and2l24 are separated from each other by ZLt' In

20 the example shown in Figure 28, all antennas are at the same tilt angle with

respect to longitudinal axis 207-2,where the tilt angle may equal45" with

respect to longitudinal axis 207-2,with Tup and TnN oriented in directions

perpendicular to each other.

Transmitte¡ antennas and receiver antennas can be arranged into two

25 kinds of relative positions: parallel and perpendicular. With / being the tool

rotating angle and with ttre receiver antenna and transmitter antenna parallel to

each other, the received voltage at the receiver antenna, represented with the

upper indexpr, is expressed as:

7
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With 0 being the tool rotating angle and with the receiver antenna and 

transmitter antenna perpendicular to each other, the received voltage at the 

5 	receiver antenna, represented with the upper index pp, is expressed as: 
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Figures 2A and 2B both consist of structures in which transmitters and 

receivers are parallel or are perpendicular relative to each other. For ease of 

discussion, only tool 205-1 of Figure 2A is discussed herein with respect to an 

10 	embodiment implementing a tool that can mimic a different arrangement of 

transmitters and receivers, such as mimicking a triaxial tool. Tool 205-2 of 

Figure 2B can also be implemented in a manner similar to or identical to the 

functional implementation of tool 205-1. 

Figures 3A and 3B show the structure of Figure 2A divided into two 

15 	kinds of systems: an up-transmitter system (UTS) 211 and a down-transmitter 

system (DTS) 213. UTS 211 includes transmitter antenna 212-1 (Tup), receiver 

antenna 214-1, and receiver antenna 214-2. DTS 213 includes transmitter 

antenna 212-2 (TDN), receiver antenna 214-1, and receiver antenna 214-2. A 

reference point at position Z in the direction of measurement, such as in the 

20 	direction of drilling, can be selected. With the reference point of measurement 

set, the shifting of UTS 211 and DTS 213 can be conducted in a process to 

implement the mimicking of a different arrangement of transmitter antennas and 

receiver antennas, such as mimicking a triaxial tool. The shifting can be 

simulated to determine the location of points to independently activate Tup and 

25 	TDN and to collect signals at receiver antenna 214-1, at receiver antenna 214-2, at 

TDN when Tup is activated, and at Tup when TDN is activated, as tool reaches 
8 

I
Yocos2 ø*)nrcoslsin/ +)rr- 

"o"P
T/ 
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2
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lr4iith ll being the tool rotating angle and with the receiver antenna and

tansmitter antenna perpendicular to each other, the received voltage at the

5 receiver antenna, represented with the upper indexpp, is expressed as:

v* = -Ir* "or' O -|rro cosþsnþ -f,tr- "oró

-Ir*cos/sin/ -|r,rn'ô-|v,rin¡ (lb)
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Figures 2Aand,2B both consist of structures in which hansmitters and

¡eceivers are parallel or are perpendicular relative to each other. For ease of

discussion, only tool 205-l of Figure 2A is discussed herein with respect to an

l0 embodiment implementing a tool that can mimic a different arrangement of

tansmitters and receivers, such as mimicking a triaxial tool. Tool 205'2 of

Figure 2B canalso be implemented in a manner similar to or identical to the

fi¡nctional implementation of tool 205-1.

Figures 3A and 38 show the structure of Figure 2A divided into two

15 kinds of systems: an up-hansmitter system (UTS) 2ll and a down-transmitter

system (DTS) 213. UTS 211 includes transmitter antenna 212-I (Tw), receiver

antenna 214-l,and receiver antenna 214-2. DTS 213 includes transmitter

antenna 212-2 (TDN), receiver antenna 214'I, and receiver antenna 214-2' A

reference point at position Zinthe direction of measurement, such as in the

20 direction of drilling, can be selected. rtrith the reference point of measutement

set, the shifting of UTS 2ll and DTS 213 can be conducted in a process to

implement the mimicking of a different arrangement of transmitter antennas and

receiver antennas, such as mimicking a triaxial tool. The shifting can be

simulated to determine the location of points to independently activate Tup and

25 ToN and to collect signals at receiver antenna 214-1, at receiver antenna 214-2, at

ToN when Tup is activated, and at Tup when ToN is activated, as tool reaches

8
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these locations. In a logging-while-drilling configuration, the implemented tool 

can be operated as a triaxial LWD tool. 

Figures 4A and 4B illustrate up shifting down-transmitter system 213 of 

Figure 3B. Figure 4A shows reference position Z located centrally between 

5 receiver antenna 214-1 and receiver antenna 214-2 on tool 205-1. DTS 213 is 

shifted up by distance LT  — LR. LT  and LR  are positive values and the direction 

down from reference Z is in the positive direction. With the distance between 

receiver antennas 214-1 and 214-2 being 24--  8 inches, LR  ="-- 4 inches. Other 

distances can be used for the distance 2LR  between receiver antennas 214-1 and 

10 214-2. As shown in Figure 4B, up shifting this symmetrical arrangement of 

transmitter antennas and receiver antennas by LT  — LR operatively locates 

receiver antenna 214-1 at the same position as transmitter antenna 212-1, Tup of 

UTS 211, and operatively locates transmitter antenna 212-2, TDN  of DTS 213 at 

the same position as receiver antenna 214-2 of UTS 211. 

15 Figure 5 shows a physical structure equivalent to a result of a shift 

operation on tool 205-1 of Figure 4A. Up shifting a down-transmitter system 

213 of tool 205-1 is conducted to operatively generate an updated up-transmitter 

system 211-1. Using the reciprocity theory that provides for transmitter antenna 

212-2, TDN, to function as a receiver, up shifting DTS 213 by LT  — LR  generates 

20 an updated UTS 211-1 equivalent to a physical structure shown in Figure 5. 

Updated UTS 211-1 operatively includes transmitter antenna 212-1 Tup, receiver 

antenna 214-1, and two receivers (transmitter antenna 212-2-D2 as receiver 

antenna R21 and receiver antenna 214-2 as receiver antenna R22) perpendicular to 

each other at the position of antenna receiver 214-2 for UTS 211. The D2 with 

25 respect to transmitter 212-2 indicates a receiver antenna that is mimicked by 

using transmitter antenna 212-2 at a shifted location. Updated UTS 211-1 is 

provided by measurements taken at locations defined by the effective shifting 

demonstrated above along the longitudinal axis 207-1 of tool 205-1. When 

transmitter antenna 212-1 is activated with transmitter antenna 212-2, TDN, at the 

30 selected reference point Z plus LR  (positive moving downhole from reference 

point Z), the voltage received at transmitter antenna 212-2, TDN, as a receiver is 

VTup R2  i. When transmitter antenna 212-1 is activated with receiver antenna 

9 

these locations. In a logging-while-drilling configuration, the implementedtool

can be operated as a triaxial LWD tool.

Figures 4A and 4B illustate up shifting down-transmitter system 213 of

Figure 38. Figure 4A shows reference position Zlocated centrally between

5 receiver antenna 214-l andreceiver antenna 214-2. ontool 205-1. DTS 213 is

shifted up by distance Lr - Ln. Lr and L¡ are positive values and the di¡ection

down from reference Zisinthe positive direction. With the distance between

receiver antennas 2L4-I and2l4-2being2ln: 8 inches, Ln:4 inches. other

distances can be used for the distance 2Ln between receiver antennas 214-l and

10 21.4-2. As shown in Figure 48, up shifting this symmetrical arrangement of

tansmitter antennas and receiver antennas by Lr - LR operatively locates

receiver antenna 214-l atthe same position as tansmitter antenna 212-1, Trp of

UTS 211, and operatively locates transmitter antenna 212-2, Tpw of DTS 213 at

the same position as receiver antenna 214'2 of UTS 211.

15 Figure 5 shows a physical structure equivalent to a result of a shift

operation on tool205-l of Figure 44. Up shifting a down-transmitter system

213 of tool 205-1 is conducted to operatively generate an updated up-tansmitter

system 2ll-1. Using the reciprocity theory that provides for transmitter antenna

212-2,Tp¡, to function as a receiver, up shifting DTS 213 by Lt - LR generates

20 an updated UTS 211-1 equivalent to a physical sür¡cture shown in Figure 5.

Updated UTS 211-l operatively includes transmitter antenna 212-l Tup, receiver

antenna 214-lrand two receivers (transmitter antenna 212-2-D2 as receiver

antenna R2¡ and receiver antenna 214-2 as receiver antenna R22) perpendicular to

each other at the position of antenna ¡eceiver 214-2 fotUTS 211, The D2 with

25 respect to üansmitter 212-2 indicates a reoeiver antenna that is mimicked by

using transmitter antenna 212-2 ata shifted location. Updated UTS 211-1 is

provided by measurements taken at locations defined by the effective shifting

demonstrated above along the longitudinal axis 207-l of tool 205-1. When

transmitter antenna 212-l is activated with transmitter antenna 212-2, Tolq, at the

30 selected reference pointZplus Lp þositive moving downhole from reference

pointQ,the voltage received at fiansmittet ant€nna 212-2, Tp¡, âs a receiver is

Vrupnzr. When transmitter antenna 212-l is activated with receiver antenna

9



214-2 at the selected reference point Z plus LR, the voltage received at receiver 

antenna 214-2 is VTUP R22. 

Figures 6A and 6B illustrate up shifting down-transmitter system 213 of 

Figure 3B. Figure 6A shows reference position Z located centrally between 

5 receiver antenna 214-1 and receiver antenna 214-2 of tool 205-1. DTS 213 is 

shifted up by distance LT  + LR. LT  and LR  are positive values and the direction 

down from reference Z is in the positive direction. With the distance between 

receiver antennas 214-1 and 214-2 being 2LR= 8 inches, LR  = 4 inches. Other 

distances can be used for the distance LR  between receiver antennas 214-1 and 

10 214-2. As shown in Figure 6B, up shifting this symmetrical arrangement of 

transmitter antennas and receiver antennas by LT  + LR  operatively locates 

receiver antenna 214-2 at the same position as transmitter antenna 212-1, Tup of 

UTS 211, and operatively locates transmitter antenna 212-2, TDN of DTS 213 at 

the same position as receiver antenna 214-1 of UTS 211. 

15 Figure 7 shows a physical structure equivalent to a result of a shift 

operation on tool 205-1 of Figure 6A. Up shifting a down-transmitter system 

213 of tool 205-1 is conducted to operatively generate an updated up-transmitter 

system 211-2. Using the reciprocity theory that provides for transmitter antenna 

212-2, TDN, to function as a receiver, up shifting DTS 213 by LT + LR  generates 

20 an updated UTS 211-2 equivalent to a physical structure shown in Figure 7. 

Updated UTS 211-2 operatively includes transmitter antenna 212-1 Tup, receiver 

antenna 214-2, and two receivers (transmitter antenna 212-2-D1 as receiver 

antenna R12 and receiver antenna 214-1 as receiver antenna R11) perpendicular to 

each other at the position of antenna receiver 214-1 for UTS 211. The D1 with 

25 respect to transmitter antenna 212-2 indicates a receiver that is mimicked by 

using transmitter antenna 212-2 at a shifted location. Updated UTS 211-2 is 

provided by measurements taken at locations defined by the effective shifting 

demonstrated above along the longitudinal axis 207-1 of tool 205-1. When 

transmitter antenna 212-1 is activated with transmitter antenna 212-2, TDN, at the 

30 selected reference point Z minus LR, the voltage received at transmitter antenna 

212-2, TDN, as a receiver is VTUP R12. When transmitter antenna 212-1 is 

activated with receiver antenna 214-1 at the selected reference point Z minus LR, 

the voltage received at receiver antenna 214-1 is VruP RI I • 

10 

214-2 atthe selected reference pointZplus L¡, the voltage received at receiver

antenna 2L 4'2 is Vrup nzz.

Figures 6A and 6B illustate up shifting down-transmitter system 213 of

Figure 3I¡. Figure 6A shows reference position Zlocated centraþ between

5 receiver antenna 21.4-l andreceiver antenna 214-2 of tool 205-1' DTS 213 is

shifted up by distance L1 + L¡. Lr and L¡ are positive values and the direction

down from reference Zis inthe positive direction. rù/ith the distance between

receiver antennas 214-l and}l4-2being2l¡= 8 inches, Ln:4 inches. other

distances can be used for the distance Ln between receiver antennas 214-l and

10 214-2. As shown in Figure 68, up shifting this symmetrical anangement of

hansmitter antennas and receiver antennas by L1+ L¡ operatively locates

receiver antenna 214-2 atthe same position as hansmitter antenna 212-I, Tw of

uTS 2l l, and operatively locates transmitter antenna 272-2, Tp¡r of DTS 213 at

tlre same position as receiver antenna 214'L of UTS 211.

15 Figure 7 shows a physical structt¡re equivalent to a result of a shift

operation on tool205-l of Figure 64. Up shifting a down-transmitter system

213 of tool205-1 is conducted to operatively generate an updated up-transmitter

system 2ll-2. Using the reciprocity theory that provides for transmitter antenna

212-2,T¡¡, to function as a receiver, up shifting DTS 213 by L1+ LR generates

20 an updated UTS 211-2 equivalent to a physical structure shown in Figure 7.

Updated UTS 211-2 operatively includes transmitte¡ antenna 212'l Tup, receiver

antenna 214-2, and two receivers (transmitter antenna 2I2-2-DI as receiver

antenna R¡2 and receiver antenna 214-l as receiver antenna R11) perpendicular to

each other at the position of antenna receiver 214-l forUTS 211. The Dl with

25 respect to transmitter antenna 212-2 indicates a receiver that is mimicked by

using transmitter antenna 212-2 ata shifted location. updated UTS 211-2 is

provided by measurements taken at locations defined by the effective shifting

demonstrated above along the longitudinal axis 207-l of tool 205-L When

hansmitter antenna 212-l is activated with transmitter anterrna 212-2, Tp¡, at the

30 selected reference pointZminus Ls, the voltage received at transmitter antenna

2I2-2,Tp¡, âs a receiver is Vrupnrz. When fransmitter antenna 2I2-l is

activated with ¡eceiver antenna 214-l atthe selected reference pointZminus Lr,

the voløge received at receiver anterma 214'1 is Vrupntl.

10



Figure 8 shows a physical structure equivalent to a result of shift 

operations on tool 205-1 of Figures 4A and 6A. Figure 8 shows an updated up- 

transmitter system 211-3 that combines shifting reflected in Figures 4B and 6B. 

5 

Updated UTS 211-3 operatively includes tilted transmitter antenna 212-1, Tup, 

and two sets of perpendicular receivers. One set 216-1 of perpendicular 

receivers is realized with transmitter antenna 212-2-D1 as receiver antenna R12 

and receiver antenna 214-1 as receiver antenna R11. The other set 216-2 of 

perpendicular receivers is realized with transmitter antenna 212-2-D2 as receiver 

antenna R21 and receiver antenna 214-2 as receiver antenna R22. The D1 and D2 

10 with respect to transmitter 212-2 each indicate a receiver that is mimicked by 

using transmitter antenna 212-2 at a shifted location. The two sets 216-1 and 

216-2 of perpendicular receiver antennas maintain the symmetry of tool 205-1. 

The two sets 216-1 and 216-2 are separated from each other by 24. The two 

sets can be operatively provided by selectively activating Tup and selectively 

15 collecting signals at two receiver antennas and at a transmitter antenna as tool 

205-1 becomes positioned at specific distances based on shifted distances from a 

reference point. The reference point may be central to the two receiving 

antennas. 

Figures 9A and 9B illustrate down shifting up-transmitter system 211 of 

20 Figure 3A. Figure 9A shows reference position Z located centrally between 

receiver antenna 214-1 and receiver antenna 214-2 of tool 205-1. UTS 211 is 

shifted down by distance LT - L.R. LT and LR  are positive values and the 

direction down from reference Z is in the positive direction. With the distance 

between receiver antennas 214-1 and 214-2 being 2LR= 8 inches, LR = 4 inches. 

25 Other distances can be used for the distance 2LR  between receiver antennas 214- 

1 and 214-2. As shown in Figure 9B, down shifting this symmetrical 

arrangement of transmitter antennas and receiver antennas by LT - LR operatively 

locates receiver antenna 214-2 of UTS 211 at the same position as transmitter 

antenna 212-2, TDN of DTS 213, and operatively locates transmitter antenna 212- 

30 1, Tup of UTS 211, at the same position as receiver antenna 214-1 of DTS 213. 

Figure 10 shows a physical structure equivalent to a result of a shift 

operation on tool 205-1 of Figure 9A. Down shifting an up-transmitter system 

211 of tool 205-1 is conducted to generate an updated down-transmitter system 

11 

Figure 8 shows a physical structure equivalent to a result of shift

operations on tool 205-1 of Figures 4A and 6A. Figure 8 shows an updated up-

transmitter system 2ll-3 thatcombines shifting reflected in Figures 48 and 68.

Updated UTS 211-3 operatively includes tilted Íansmitter antenna 212-l,Tw,

5 andtwo sets ofperpendicularreceivers. one set216-l of perpendicular

receive¡s is realized with fansmitter antenna 212-2-DI as receiver antenna R12

and receiver antenna 214-l as receiver antenna Rlr. The other set 216-2 of

perpendicular receivers is realized with tansmitter antenna 212-2-D2 as receiver

antenna Rzl and receiver antenna 214-2 asreceiver antenna Rzz. The Dl andD}

10 with respect to transmitter 212-2 eachindicate a receiver that is mimicked by

using tansmitter antenna 212-2 at a shifted location. The two sets 216-1 and

216-2 of perpendicular receiver antennas maintain the symmetry of tool 205-I.

The two sets 216-1 and2l6-2 are separated from each other by 2Ln. The two

sets can be operatively provided by selectively activating Tup and selectively

15 collecting signals at two receiver antennas and at a transmitter antenna as tool

205-l becomes positioned at specific distances based on shifted distances from a

reference point. The reference point may be cenhal to the two receiving

antennas.

Figures 9A and 98 illusfiate down shifting up-hansmitter system 2ll of

20 Figure 34. Figure 9A shows reference position Zlocated centrally between

receiver antenna 214-l andreceiver antenna 214-2 of tool205-1. UTS 2l I is

shifted down by distance Lr - Ln. L1 and L¡ are positive values and the

direction down from reference Zisinthe positive direction. With the distance

between receiver antennas 214-l a¡¡d2l4-2being2ln: 8 inches, Ln: 4 inches.

25 Other distances can be used for the distance 2Ln between receiver antennas 214-

I and.2l4-2. As shown in Figure 98, down shifting this symmehical

arrangement of transmitter antennas and receiver antennas by Lr - L¡ operatively

locates receiver antenna 214-2 of IJTS 211 at the same position as üansmitter

antenna 2I2-2,ToN of DTS 21.3, and operatively locates transmitter a¡tewta?7?-

30 l, Tup of UTS 2l l, at the same position as receiver antenna 2I4-l of DTS 213.

Figure l0 shows a physical structure equivalent to a result of a shift

operation on tool 205-1 of Figu¡e 94. Down shifting an up-transmitter system

211 of tool 205-1 is conducted to generate an updated down-ftansmitter system

11



213-1. Using reciprocity theory that provides for transmitter antenna 212-1, Tup, 

to function as a receiver, down shifting UTS 211 by LT  - LR  generates an 

updated DTS 213-1 equivalent to the physical structure shown in Figure 10. 

5 

Updated DTS 213-1 operatively includes transmitter antenna 212-2, TDN, 

receiver antenna 214-2, and two receivers (transmitter antenna 212-1-D1, Tap, as 

receiver antenna R11  and receiver antenna 214-1 as receiver antenna R11) 

perpendicular to each other at the position of antenna receiver 214-1 for DTS 

213, since transmitter antenna 212-1 is perpendicular to transmitter 212-2. The 

DI with respect to transmitter antenna 212-1 indicates a receiver that is 

10 mimicked by using transmitter antenna 212-1 at a shifted location. Updated 

DTS 213-1 is provided by measurements taken at locations defined by the 

effective shifting demonstrated above along the longitudinal axis 207-1 of tool 

205-1. When transmitter antenna 212-2 is activated with transmitter antenna 

212-1, Tup, at the selected reference point Z minus LR, the voltage received at 

15 transmitter 212-1, Tup, as a receiver is VTDN R12. When transmitter antenna 212- 

2 is activated with receiver antenna 214-1 at the selected reference point Z minus 

LR, the voltage received at receiver antenna 214-1 is VTUP Ill 1- 

Figures 11A and 11B illustrate down shifting up-transmitter system 211 

of Figure 3A. Figure 11A shows reference position Z located centrally between 

20 receiver antenna 214-1 and receiver antenna 214-2. UTS 211 is shifted down by 

distance LT  + LR. LT and LR  are positive values and the direction down from 

reference Z is in the positive direction. With the distance between receiver 

antennas 214-1 and 214-2 being 2LR= 8 inches, LR  r--  4 inches. Other distances 

can be used for the distance 2LR  between receiver antennas 214-1 and 214-2. As 

25 shown in Figure 11B, down shifting this symmetrical arrangement of transmitter 

antennas and receiver antennas by LT + LR operatively locates receiver antenna 

214-1 of UTS 211 at the same position as transmitter antenna 212-1, TDN  of DTS 

213, and operatively locates transmitter antenna 212-1, Top, of UTS 211 at the 

same position as receiver antenna 214-2 of DTS 213. 

30 Figure 12 shows a physical structure equivalent to a result of a shift 

operation on tool 205-1 of Figure 11A. Down shifting up-transmitter system 

211 is conducted to generate an updated down-transmitter system 213-2. Using 

reciprocity theory that provides for transmitter antenna 212-1, Tup, to function as 

12 

5

213-1. Using reciprocity theory that provides for transmitter anterma 212-l,TuP,

to function as a receiver, down shifting UTS 2ll by Lr - Ln generates an

updated DTS 213-l equivalent to the physical structure shown in Figure 10.

updated DTS 213-l operatively includes transmitter antenna 212:2,,T¡¡¡,

receiver antenna 2I4-2,and two receivers (transmitter antenna 212'l-Dl, Tsp' âs

receiver antenna R¡1 and receiver antenna 214-l as receiver antenna R¡¡)

perpendicular to each other at the position of antenna receiver 214-1 for DTS

213, since transmitter antenna 212-l isperpendicular to transmittßr212'2- T\e

Dl with respect to transmitter antenna itz-l irrrdicates a receiver that is

mimicked by using transmitter antenna 212-l ata shifted location. updated

DTS 213-l is provided by measurements taken at locations defined by the

effective shifting demonsfrated above along the longitudinal axis207-l of tool

205-I. When transmitter antenna 212-2 is activated with transmitter antenna

zI2-I,Tup, at the selected reference pointzminus Ln, the voltage received at

transmitter 212-I,Tup, âs a receiver is VmNnlz. When transmitter antewø212-

2 is activated Ìyith receiver antenna 2I4-l atthe selected reference pøintZ minus

L¡, the voltage received at receiver anterma 214-L is Vnrp nl t.

Fig[es I lA and l18 illustraüe down shifting up-hansmitter system 211

of Figure 34. Figure l lA shows reference position Zlocated centrally between

receiver antenna 214-l andreceiver antenna 214-2. UTS 211 is shifted down by

distance L1* L¡. L1 and L¡ are positive values and the direction down from

reference Zisinthe positive dfuection. With the distance between receiver

antennas 214-l and,2l4-2being2l¡: 3 inches, Ln:4 inches' Other distances

can be used for the distance 2Ln between receiver antennas 214'l and2I4-2. As

shown in Figure 1lB, down shifting this symmetrical arrangement of transmitter

antennas and receive¡ antennas by L1 + LR operatively locates receiver antenna

214-l ollJTS 211 at the same position as transmitter antenna 212-1, ToN of DTS

213, andoperatively locates transmitter antenna 212-1, Tup, of UTS 2ll atthe

same position as receiver antenna 214'2 of DTS 213'

Figure 12 shows a physical stucture equivalent to a result of a shift

operation on tool 205-l of Figure 1lA. Down shifting up-transmitter system

211 is conducted to generate an updated down-transmitter system 213'2. Using

reciprocity theory that provides for fansmitter antenna 212-1, Tgp, to function as

12
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a receiver, down shifting UTS 211 by LT + LR generates an updated DTS 213-2, 

shown in Figure 12. Updated DTS 213-2 operatively includes transmitter 

antenna 212-2, TDN, receiver antenna 214-1, and two receivers (transmitter 

antenna 212-1, Tup, as receiver antenna R21 and receiver antenna 214-2 as 

5 receiver antenna R22)  perpendicular to each other at the position of antenna 

receiver 214-2 for DTS 213, since transmitter antenna 212-1 is perpendicular to 

transmitter antenna 212-2. The D2 with respect to transmitter antenna 212-1 

indicates a receiver that is mimicked by using transmitter antenna 212-1 at a 

shifted location. Updated DTS 213-2 is provided by measurements taken at 

10 locations defined by the effective shifting demonstrated above along the 

longitudinal axis 207-1 of tool 205-1. When transmitter antenna 212-2 is 

activated with transmitter antenna 212-1, Tup, at the selected reference point Z 

plus LR, the voltage received at transmitter antenna 212-1, Tup, as a receiver is 

VTDN R21. When transmitter antenna 212-2 is activated with receiver antenna 

15 214-2 at the selected reference point Z plus LR, the voltage received at receiver 

antenna 214-1 is VITT It22. 

Figure 13 shows a physical structure equivalent to a result of shift 

operations on tool 205-1 of Figures 9A and 11A. Figure 13 shows an updated 

down-transmitter system 213-3 that combines shifting reflected in Figures 9B 

20 and 11B. Updated DTS 213-3 operatively includes tilted transmitter antenna 

212-2, TDN, and two sets of perpendicular receivers. One set 218-1 of 

perpendicular receivers is realized with transmitter antenna 212-1-D1 as receiver 

antenna R12 and receiver antenna 214-1 as receiver antenna itn. The other set 

218-2 of perpendicular receivers is realized with transmitter antenna 212-1-D2 

25 as receiver antenna R21 and receiver antenna 214-2 as receiver antenna R22. The 

D1 and D2 with respect to transmitter antenna 212-1 each indicate a receiver that 

is mimicked by using transmitter antenna 212-2 at a shifted location. The two 

sets 218-1 and 218-2 of perpendicular receivers maintain the symmetry of tool 

205-1. The two sets 218-1 and 218-2 are separated from each other by 2LR. The 

30 two sets are operatively provided by selectively activating TDN and selectively 

collecting signals at two receiver antennas and at a transmitter antenna as tool 

205-1 becomes positioned at specific distances based on shifted distances from a 

13 

a receiver, down shifting UTS 2llby L1 .l L¡ generates an updated DTS 213-2,

shown in Figure 12. updated DTS 213-2 operatively includes transmitter

anterma 212-2, Tp¡, recoivor antenna 214-1, and two receivers (üansmitter

antenna 212-l,Tup, as receiver antenna &r and receiver anterma 214-2 as

5 receiver antenna R22) perpendicular to each other at the position of anteruna

receiver 214-2 forDTS 213, since hansmitter antenna 212-l is perpendicular to

transmitter antenna 212-2. The D2 with respect to tansmitter arfiemtaZ1.2-l

indicates a ¡eceiver that is mimicked by using tuansmitter antenna 212-l at a

shifted location. Updated DTS 213-2 is provided by measurements taken at

10 locations defined by the effective shifting demonstrated above along the

longitudinal axis 207-l of tool 205-1. when fiansmitter antenna 2L2-2is

activated with transmitter antenna 212-l,Tup, at the selected reference pontZ

plus L¡, the voltage received at transmitter antenna 212-1, T¡rp, âs a receiver is

Vmw nz¡. IVhen hansmitter antenna 212-2 is activated with receiver antenna

1 5 2L4-2 atthe selected reference point Z plus L¡, the voltage received at receiver

antenna 214-l is Vrupnzz.

Figure 13 shows a physical structure equivalent to a result of shift

operations on tool 205-l of Figures 9A and 114. Figure 13 shows an updated

down-fransmitter system 213-3 thatcombines shifting reflected in Figures 9B

20 and 1lB. Updated DTS 213-3 operatively inoludes tilted fransmitter ¿ntenna

212-2,T¡¡, and two sets of perpendicular receivers. One set 218-l of

perpendicular ¡eceivers is realized with transmitter antenna zIz-l-Dl as receiver

antenna Rrz and receiver antenna 214-l as receiver antenna Rll. The other set

218-2 of perpendicular receivers is realized with transmitter antenna 212-l-D2

25 as receiver antenna Rzr and receiver anterma 214-2 as receiver antenna Rzz. The

Dl and D2 with respect to transmitter antenna 212-I eachindicate a receiver that

is mimicked by using transmitter antenna 2L2-2 at a shifted location. The two

sets 218-1 andZIS-2 of perpendicular receivers maintain the symmetry of tool

205-L. The two sets 218-l and2l8-2 are separated from each other by 2Ln. The

30 two sets are operatively provided by selectively activating Tor.¡ and selectively

collecting signals at two receiver antennas and at a transmitter antenna as tool

205-1 becomes positioned at specific distances based on shifted distances from a

13



reference point. The reference point may be central to the two receiving 

antennas. 

Figure 14 shows a physical structure 1406 equivalent to a result of 

combined shift operations on tool 205-1 of Figures 4A, 6A, 9A, and 11A. The 

5 physical structure of Figure 14 can be mimicked from combining the effective 

down shiffing of up-transmitter system 211 of tool 205-1 and the up shifting of 

down-transmitter system 213 of tool 205-1 as reflected in Figures 4A-B, 6A-B, 

9A-B, and 11A-B. The various shiftings are provided by activating one 

transmitter antenna with the other transmitter antenna located at each of the 

10 receiver antenna locations relative to a reference position Z. The operatively 

generated tool equivalent to the physical structure shown in Figure 14 can 

provide an updated azimuthal deep resistivity (ADR) tool with perpendicular 

receiver antennas. Measurements of updated tool 205-1 to the equivalent 

structure of Figure 14 can be transformed into a triaxial measurement. Such 

15 triaxial measurements can be made as triaxial LWD measurements using various 

transformations. 

Figures 15A-15D shows examples of different physical structures that 

can be realized in measurement functions by an embodiment of a tool, having a 

fixed arrangement of transmitters and receivers, operated with respect to shiffing 

20 positions of the transmitters relative to the receivers. The received responses at 

these shifted positions can be used to operatively make transformations to the 

tool measurements for it to function as different arrangements of transmitters and 

receivers. Such transformation can be accomplished through processing 

measurements made by the tool, having the fixed arrangement, at locations 

25 correlated to shifting the tool with respect to a reference location relative to the 

fixed arrangement of transmitters and receivers. Figure 15A shows an 

equivalent physical structure 1506-1 for obtaining measurements that can be 

provided by the selected measurements of tool 205-1 of Figure 2A taken at 

selected locations relative to a selected reference that provides the voltage 

30 measurements Vrctnat b VTdnR121 VTchiR21, and VTdnR22. The transformations 

VTda 1 1 + IirdnR I 2 and TirdnR21 4-  VrdnR 2 2  provide the measurements that could be 

obtained by a physical structure shown in Figure15A. 
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reference point. The reference point may be central to the two receiving

antennas.

Figure 14 shows a physical sfructure 1406 equivalent to a result of

combined shift operations ontool205-l of Figures 44, 64, 94, and 114. The

physical stnrcture of Figure 14 can be mimicked from combining the effective

down shifting of up-tansmitter system 211 of tool 205-1 and the up shifting of

down-fansmitter system 213 of tool 205-l as reflected in Figures 4A-8, 6A-8,

9A-8, and 11,A.-8. The various shiftings are provided by activating one

transmitter antenna with the other ftansmitter antenna located at each of the

receiver antenna locations relative to a reference position Z. T}ne operatively

generated tool equivalent to the physical sfiucture shown in Figure 14 can

provide an updated azimuthal deep resistivlty (ADR) tool with perpendicular

receiver antennas. Measurements of updated tool 205-l to the equivalent

stmcture of Figure 14 can be transformed into a triaxial measurement' Such

tiaxial measu¡ements can be made as triaxial LWD measurements using various

transformations.

Figures 154-15D shows examples of differentphysical shuctures that

can be realizedin measurement functions by an embodiment of a tool, having a

fxed arrangement of transmitters and receivers, operated with respect to shifting

positions of the transmitters relative to the reoeivers. The received responses at

these shifted positions can be used to operatively make transformations to the

tool measurements for it to function as different anangements of Eansmitters and

receivers. Such transformation can be accomplished through processing

measurements made by the tool, having the fixed alrangement, at locations

correlated to shifting the tool with respect to a reference location relative to the

fxed arrangement of transmitters and receivers. Figure 154 shows an

equivalent physioal structu¡e 1506-1 for obtaining measurements that can be

provided by the selected measurements of tool 205-1 of Figure2Atzken zt

selected locations relative to a selected reference that provides the voltage

measurements Vtdrnn, Vtannlz, Vt¿r,nzt, and Vrorruz. The transformations

Yron^r, *Vron^r, aîd Yron^r, *Vron^r, provide the measurements that could be

obtained by a physical stnrcture shown in Figurel5A.
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Using reciprocity theory and considering tool's rotation, the measurements 

equivalent to the structure shown in Figure 15A can be made equal to 

measurements equivalent to structure 1506-2 shown in Figure15B. Structure 

1506-2 in Figure 15B can be physically realized using a conventional ADR tool 

5 without a process of measurements that operatively shifts the tool sensors. A 

conventional ADR sensor tool typically consists of two central tilted receiver 

antennas, and three pairs of transmitter antennas arranged symmetrically with 

respect to the middle of the receiver antennas. The inner transmitter antenna 

pairs can have a short spacing (for example, 16 inches) and are coaxial non-tilted 

10 antennas as shown in Figure 15B. However, the outer transmitter antenna pairs 

(not shown in Figure 15B) can have 32 and 48 inch spacing and can be tilted. 

With this arrangement for a conventional ADR sensor tool in a non homogenous 

layered medium, it generally is not possible to get an accurate compensated 

resistivity measurement. 

15 The average of voltages acquired by an ADR tool, as structured in Figure 

15B, is the measurement obtainable by a traditional LWD tool, which can be 

arranged with structure 1506-3 as shown in Figure 15C, without a process of 

measurements that operatively shifts the tool sensors. Figure 15D shows a 

physical tool structure 1506-4 that can provide measurements that are the 

20 difference of the measurement of ADR tool shown in Figure 15B and the 

average measurement of the traditional LWD tool shown in Figure 15C. 

Measurements of the physical tool shown in Figure 15D are sensitive to 

boundary positions. The measurements provided by the physical structures 

shown in Figures 15A-15D can be attained by measurements of tool 205-1 of 

25 Figure 2A appropriately shifted with the measurements transformed by adding 

and/or subtracting various of the measurements taken by tool 205-1. 

The received voltage of structure shown in Figure 15C is 

V = V,z  . 	 (2) 

The voltage of structure shown in Figure 15D is 

30 V = 1- V 	cos 0 + i V ' sin 0 	. 	 (3) 
2 	2  

Figure 16A shows a physical structure 1606-1 whose measurements can 

be obtained by tool 205-1 of Figure 2A by selectively taking measurements at 

15 

5

Using reciprocity theory and considering tool's rotation, the measurements

equivalent to the structure shown in Figurel5A can be made equal to

measufements equivalent to sfiuoture 1506-2 shown in Figurel58. Structure

1506-2in Figure l5B can be physically rcalizedusing a conventional ADR tool

without a process of measu¡ements that operatively shifts the tool sensors. A

conventional ADR sensor tool typically consists of two cental tilted receiver

antennas, and three pairs of transmitter antennas arranged symmetrically with

respect to the middle of the receiver antennas. The inner transmitter antenna

pairs can have a short spacing (for example, 16 inches) and are coaxial non-tilted

antennas as shown in Figure 158. However, the outer transmitter antenna pairs

(not shown in Figure I 58) can hav e 32 and 48 inch spacing and can be tilted,

With this arrangement for a conventional ADR sensor tool in a non homogenous

layered medium, it generally is not possible to get an accurate compensated

resistivity measurement.

The average of voltages acquired by an ADR tool, as sftuctured in Figure

l58, is the measurement obtainable by a traditional LtffD tool, which can be

arranged with structure 1506-3 as shown in Figure 15C, without a process of

measurements that operatively shifts the tool sensors. Figure 15D shows a

physical tool structure 15064 that can provide measurements that are the

difference of the measurement of ADR tool shown in Figure 158 and the

average measurement of the fiaditional LWD tool shown in Figure 15C'

Measurements of the physical tool shown in Figure l5D are sensitive to

boundary positions. The measurements provided by the physical structufes

shown in Figures 154-15D can be attained by measurements of tool 205-1 of

Figure 2A appropriately shifted with the measurements transformed by adding

anüor subtracting various of the measurements taken by tool 205-1.

The received voltage of struch¡¡e shown in Figure l5C is

V=Vo. Q)

The voltage of structure shown in Figure 15D is

,=Tr^cos/*f,r,raø. (3)

Figure 16A shows a physical structufe 1606-l whose measurements can

be obtained by tool 205-1 of Figure21^by selectively taking measutements at
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locations relative to a reference location such that these measurements can be 

transformed to mimic physical structure 1606-1. The measurements can be 

obtained by tool 205-1 resulting from selectively activating one transmitter with 

another transmitter located a location at which a receiver of tool 205-1 also 

5 acquires a signal from another activation of the same transmitter. These 

measurements correlated to specific locations of the arrangement of transmitters 

and receivers of tool 205-1 can be referred to as shift measurements. The shift 

measurements of tool 205-1 can provide the voltage measurements VTdnR11) 

VTdnR12, VTdnR211 and VTdnR22 with respect to a reference location. By making the 

10 transformations Vmaii— VTdnR12 and Vrdayi —VTdnR22, measurements are acquired 

that are obtainable by the physical structure 1606-1 shown in Figure 16A. 

Figure 16B shows a physical structure 1606-2 whose measurement 

function can be attained by tool 205-1 of Figure 2A by selectively taking 

measurements at locations relative to a reference location such that these 

15 measurements mimic the physical structures of Figure 16A and 15D. The 

average of voltages measured in mimicking the structure shown in Figure 16A 

can be obtained by a measurement using the physical structure shown in Figure 

15D. The difference between the measurement of the structure shown in Figure 

16A and the measurement of the structure shown in Figure 15D is the 

20 measurement obtainable by the physical structure 1606-2 shown in Figure 16B, 

whose measurements yield 

1  V= —
1

V COS
2  0+ 2 — V
' 

 sin2  0. 	 (4) 
2 	'a   

Combining the measurements made to effectively copy the measurements of the 

physical tool structures shown in Figures 15C, 15D, and 16B and considering the 

25 tool's rotation, a triaxial tool's measurement, which may be applied to LWD 

applications, can be obtained from ADR measurements using tilted transmitters. 

After performing measurements to operatively shift tool 205-1 of Figure 

2A, the collected measurements can be made to equivalently correspond to the 

structure of shown in Figure 14. The measurements performing the effective 

30 shifting of tool 205-1 provide triaxial measurements. Such a tool can be used in 

LWD applications. With the azimuthal angle set to 0*, 45 °, 900, 1350, 180*, 2250, 

270*, and 3150, equation (la) and (lb) can be expressed as 
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locations relative to a reference location such that these measurements can be

transformed to mimic physical sFucture 1606-1. The measurements canbe

obtained by tool 205-1 resulting from selectively activating one hansmitter with

another transmitter located a location at which a receiver of tool 205-1 also

5 acquires a signal from another activation of the same üansmitter. These

measurements correlated to specific locations of the arrangement of transmitters

and receivers of tool 205-l can be referred to as shift measu¡ements. The shift

measurements of tool 205-l canprovide the voltage measurements Vr¿r,nrr,

Vrd'nlz, Vr¿nnzr, and Vr¿,¡uz with respect to a reference location. By making the

l0 transformations Vron^r, -Yron^r, and I/r**r, -Yro*r, measurements are acquired

that are obtainable by the physioal structure 1606-1 shown in Figure 164.

Figure 168 shows a physical structure 1606-2 whose measurement

function cân be attained by tool 205-1 of Figure 2[by selectively taking

measurements at locations relative to a reference location such that these

15 measurements mimio the physical structures of Figure 16A and 15D. The

average of voltages measured in mimicking the structure shown in Figure lóA

can be obt¿ined by a measurement using the physical structure shown in Figure

15D. The difference between the measurement of the structure shown in Figure

16A and the measurement of the structure shown in Figure l5D is the

20 measurement obt¿inable by the physical structure 1606-2 shown in Figure 16B,

whose measurements yield

, =Ir*aos'þ*)r,sin'þ (4)

Combining the measurements made to effectively copy the measurements of the

physical tool structures shown in Figures l5C, l5D, and 168 and considering the

25 tool's rotation, a hiaxial tool's measurement, which may be applied to LWD

applications, can be obt¿ined from ADR measurements using tilted transmitters.

After performing measurements to operatively shift tool 205-1 of Figure

2A,the collected measurements can be made to equivalently correspond to the

sfructure of shown in Figure 14. The measurements performing the effective

30 shifting of tool205-1 provide triaxial measurements. Such a tool can be used in

LWD applications. With the azimuthal angle set to 0", 45 ", 90", 135", l8O" ,225" ,

270", and315", equation (1a) and (1b) can be expressed as
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From equations 5a-5h and 6a-6h, the tensor voltage for each transmitter and 

receiver position combination in Figure 14 can be solved. For example, from 

equations (5a), (6a), (5e), and (6e), the following linear equations are obtained: 

1 	1 	1 	I V=  V".(0) 
—1 	—1 	1 	1 V, = 2 

V PP  (0) 
. 	 (7a) 

1 	—1 	—1 	1 V=  VPT(180) 

—1 	1 	—1 	1 V2  _ VPP(180) 
5 

For example, from equations (5c), (6c), (5g), and (6g), the following linear 

equations are obtained: 
_ 

1 	1 	I1V
YY VP' (90) 

-1 	-1 	1 	1 V 
' = 2 

V FP  (90) 
(7b) 

1 	—1 	—1 	1 V,, VPr(270) 

1 	1 	—1 	1 V . V PP (270) 

10 Solving equations (7a) and (7b), most of the components of voltage matrix can 

be obtained except Vxy  and V y„ 

= 

V = 

	

Vx„ 	? 	V,, 

	

? 	V 	V 

[ 

(8)  
V= 	Vzy 	V=  

The components V, and V yx  are not obtained, 
+ V 

x'' 	Yx 	 if but 
V 	

be can 	obtained, 
2 

15 the solved components in (8) are substituted into any equation of (5b), (5d), (5f), 

(5h), (6b), (6d), (60 and (6h). The voltage matrix can be expressed as 

_ 	 .. 
V + V 

Ti= AY 	Yx  V..  
2 

= 

V- 

V + V 

 
V 	Yx V

YY 	
V

Yz 

V 	V z„ 
zY 

(9)  
2 
lc 

Though the XY and YX components in equation (9) may not be completely 

20 accurate, they are sufficient, since a coordinate system can be selected to let Vxy  , 

Vyx , Vq 3  and V,, be 0. As such, the matrix becomes 
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From equations 5a-5h and.6a-6h, the tensor voltage for each transmitter and

receiver position combination in Figure 14 can be solved. For example, from

equations (5a), (6a), (5e), and (6e), the following linear equations are obtained:
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For example, from equations (5c), (6c), (5g), and (69), the following linear

l/u

$

vo

yo

vy,

Vry

(7a\

(7b)

(8)

(e)

equations are obtained:

-a_L

-V)D

Solving equations (7a) and (7b), most of the components of voltage matrix can

be obt¿ined except Vrand Vo

r
vo?
?YO

Yu í/ry

vo

I/v,

vo

2

v)ry

l/ry

ll ),
vo

The components Zo and V* arenot obtained ,brtb J!-z- can be obtained, if

15 the solved components in (8) are substituted into any equation of (5b), (5d), (5Ð,

(5h), (6b), (6d), (6Ð and (6h). The voltage matrix can be expressed as

vry +l/y,
Yo

2
Yu

l/o

v
Yo +Vo

Though the XY and YX components in equation (9) may not be completely

20 accurate, they are suffrcient, since a coordinate system can be selected tolet Vo,

Vr,,Vr, and Vn be 0. As such, the matrix becomes

18



V 

 =[

V. 

	

0 	V. 

0 	V 	0  . 	 (10) 

V. 	0 	V. 

After shifting, the voltage matrix for each transmitter and receiver position 

=R1 	.=. R2  	=R1 	...R2  
combination, V nip ,r 1  sp , V dr; , and V an , can be obtained. These components can 

be used in the matrix to conduct a triaxial LWD interpretation to determine 

5 horizontal resistivity, Rh, and vertical resistivity R. 

Computation of the voltage matrix discussed above is based on the 

azimuthal angle being known. However, the true azimuthal angle is not obtained 

directly from field data. In order to obtain the azimuthal angle, measurements 

are taken with a full rotation partitioned into a number of bins such that 

10 measurements are taken as the tool shifts from one bin to another. With a 

coordinate system selected such that V4,,Vyx ,Vzy , and Vyz  each equal 0, 

equations (la) and (lb) can be rewritten as 

VPri 	
V —V 	. + V. 	. + Vyy  + V . 

= 	 +
V 	

cos 0 
+2V 

' 20 cos 	 (11a) 
4 	 4 

— V + V 	V. V. 	2V —V —V 
V PP 	xx 	yy 	 zr 	yy 	xr 

20 = 	COS 	 COS 0 + 	 (l ib) 
4 	 4 	 4 

15 Formulae (12a) and (12b) can be used to perform curve fitting to match formulae 

(11a) and (11b), from which a bin shift azimuthal angle can be obtained. 

VPri  (i) = Apr' cos(24+2(0)+BP4  cos(4+ 0.) + CPri  , (1=1, ... , N) 	(12a) 

VPP(i) = APP cos(20, + 2(o) + BPP cos(01 +p)+ CPP , (1=1, ... , N) 	(12b) 

where Apr!  , BPri  , CP4  , APP , BP" , and CPP are the coefficients with respect to 

20 formulae (11a) and (11b), (o is the bin shift angle, and N is the number of bins. 

In various embodiments, the number of bins N equals 32. However, the number 

of bins is not limited to 32. 

After depth shifting, the measurements of tool 205-1 of Figure 2A (or 

tool 205-2 of Figure 2B) can be transferred to the measurements equivalent to a 

?.5 tool having the structure in Figure 14. From the measurements taken to 

correspond to the structure in Figure 14, two compensated measurements can be 

obtained directly. One compensated measurement is provided by effective 
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l/w o (10)

Yo

After shifting, the voltage mahix for each tansmitter and receiver position

:& -R2 æ& :R2
combination, l/ ;p,Y ;p, l/ ;n, and' V ¿,, can be obtained. These components can

be used in the matrix to conduct a triaxial LWD interpretation to determine

5 horizontal resistivity, R¡, and vertical resistivity R".

Computation of the voltage matrix discussed above is based on the

azimuthal angle being known. Horryever, the üue azimuthal angle is not obtained

directly from field data. In order to obbin the azimuthal angle, measurements

are taken with a ftll rotation partitioned into a number ofbins such that

l0 measurements are taken as the tool shifts from one bin to another. V/ith a

coordinate system selected such that Y o, Y r,,V a,, and V * each equal 0,

equations (la) and (1b) can be rewritten as

v,t =YoloY,v coszþ*ff"orø*Uþú (l1a)

y* =-Y*f, o coszû-ff"*ú*T (11b)

15 Formulae (IZa) and (12b) can be used to perform curve fitting to match formulae

(lla) and (l lb), from which a bin shift azimuthal angle can be obtained.

Y't G) = APd cos(Zût +2g) + BP't cos(þ, + 9)+cp't, 1i:1,..', l'D Q2a)

V* (i) = App cos(2û¡ +2ç)+ BPP cos(Q,+9)+CPP , (i:1, "' , N) (12b)

whete Ap't , Br" , CP't , APP , Boo , and Cpp are the coefficients with respect to

20 formulae (11a) and (11b), çø is the bin shift angle, and N is the number of bins.

In various embodiments, the number of bins N equals 32. However, the number

of bins is not limitedto32.

After depth shifting, the measurements of tool 205-l of Figure 2A (or

tool205-2 of Figure 2B) canbe transferred to the measurements equivalent to a

25 tool having the structure in Figure 14. From the measurements taken to

correspond to the struchrre in Figure 14, two compensated measurements can be

obtained directly. One compensated measurement is provided by effective

vo0

0
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perpendicular structure Tup-R12-Rr22 and R11-R21-TDN, in which the 

measurements of bins separated by 180° of this structure is the same in a 

homogeneous anisotropic formation since ZX and XZ components cancel each 

other. For a bin structure of 32 bins, bins 1 and 17 are separated from each other 

5 by 180°. The bin structure can have a number of bins different from 32. The 

other compensated measurement is provided by effective parallel structure Tup- 

R11-R21 and TDN-R12-R22, where the difference between the measurements of the 

bins separated by 180° in this structure is double compared with a conventional 

ADR tool. From the measurement of the two effective structures, the location of 

10 anisotropic formations can be identified. 

From computations of measurements of a tool shifted to operatively 

function as the tool in Figure 14, measurements equivalent to a conventional 

physical ADR tool as shown in Figure 15B, a traditional LWD tool as shown in 

Figure 15C, ZX component as shown in Figure 15D, and horizontal transmitter 

15 and receiver structure as shown in Figure 16B can be obtained. As a result, the 

measurements of tool 205-1 of Figure 2A (or tool 205-2 of Figure 2B), 

configured to function as the structure in Figure 14, can provide all the data that 

can be provided by a physical ADR tool and a traditional physical LWD tool. 

Tool 205-1 of Figure 2A (or tool 205-2 of Figure 2B) can be used in LWD 

20 applications to provide horizontal transmitter and receivers LWD measurements. 

Using the measurements obtained to conform to the measurements 

equivalent to the physical structure shown in Figure 14, a full voltage matrix can 

also be solved. The voltage matrix can be used to process a triaxial LWD 

measurement and to perform one dimensional inversion to obtain Rh, Rv, and 

25 dip angle of a formation. The relative azimuthal angle relative to a borehole can 

also be computed by bin shifting from the set of measurements taken 

corresponding to mimicking the configuration shown in Figure 14. Operating a 

tool, such as tool 205-1 or 205-2 of Figures 2A and 2B, respectively, to 

effectively realize the tool of Figure 14 can provide measurement solutions in 

30 deep water exploration to obtain structure dip, azimuth, Rh, and Rv. 

Figure 17 shows features of an example embodiment of a method 1700 

of operating a tool downhole in a well. At 1710, a first transmitter in an 

arrangement of transmitters and receivers along a longitudinal axis of a tool is 
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perpendicular structure Turp-Rrz-R¡zz and R¡l-Rzl-TpN, in which the

measurements of bins separated by 180" of this structure is the same in a

homogeneous anisofropic formation since ZX andXZ components cancel each

othe¡. For a bin stn¡cture of 32 bins, bins I and 17 are separated from each other

5 by 180o. The bin structure can have a number of bins different from 32. The

other compensated measurement is provided by effective parallel structure Turp-

Rlr-Rzl and TnN-Rlz-Rzz, where the difference between the measurements of the

bins separated by 180' in this stn¡cture is double compared with a conventional

ADR tool. From the measurement of the two effective structures, the location of

l0 anisotropic formations can be identified.

From computations of measurements of a tool shifted to operatively

function as the tool in Figure 14, measurements equivalent to a conventional

physical ADR tool as shown in Figure 158, a traditional LWD tool as shown in

Figure lSC,ZKcomponent as shown in Figure 15D, and horizontal transmitter

l5 and receiver structure as shown in Figure 16B can be obtained. As a result, the

measurements of tool205-1 of Figure 2A (or tool205-2 of Figure 2B),

configured to ñ¡nction as the str¡cture in Figure 14, canprovide all the data that

can be provided by a physical ADR tool and a haditional physical LWD tool.

Tool 205-l of Figure 2A (or tool205-2 of Figure 2B) canbe used in LWD

20 applications to provide horizontal transmitter and receivers LWD measu¡ements.

Using the measurements obtained to conform to the measurements

equivalent to the physical structure shown in Figure 14, a full voltage matrix can

also be solved. The voltage matrix can be used to process a triaxial LWD

measurement and to perform one dimensional inversion to obtain Rh, Rv, and

25 dip angle of a formation. The relative azimuthal angle relative to a borehole can

also be computed by bin shifting from the set of measurements taken

corresponding to mimicking the configuration shown in Figure 14. Operating a

tool, such as tool205-l or 205-2 of Figures 2A and2B, respectively, to

effectively rcalize the tool of Figure 14 can provide measurement solutions in

30 deep water exploration to obtain structure dip, azimuth, Rh, and Rv.

Figure l7 shows features of an example embodiment of a method 1700

of operating a tool downhole in a well. At 1710, a first transmitter in an

arrangement of transmitters and receivers along a longitudinal axis of a tool is

20



selectively activated at different positions downhole. At 1720, a signal at a 

receiver in the arrangement of transmitters and receivers is selectively collected 

in response to activating the first transmitter. At 1730, a signal at a second 

transmitter in the arrangement of transmitters and receivers is selectively 

5 collected in response to activating the first transmitter, when the second 

transmitter is located at a position at which the receiver collected the signal in 

response to activating the transmitter. At 1740, the collected signals are 

processed such that the arrangement of transmitters and receivers provides 

measurements that mimic operation of a different arrangement of transmitters 

10 and receivers. 

Method 1700 can be used with tools and processing units similar or 

identical to tools and processing units described herein. For example, the 

arrangement of transmitters and receivers along a longitudinal axis of a tool can 

be implemented using tool 205-1 of Figure 2A or tool 205-2 of Figure 2B. 

15 Depth shifting such tools to activate the transmitters at different positions 

downhole and collect signals at receivers and transmitters can be conducted such 

that a physical structure of an arrangement of transmitter antennas and receiver 

antennas different from the physical arrangement shown in Figures 2A and 2B 

can be mimicked by the physical arrangement shown in Figures 2A and 2B. 

20 In various embodiments, a method can include, in addition to the 

processes discussed above with respect to method 1700, selectively activating, at 

different positions downhole, the second transmitter in the arrangement of 

transmitters and receivers; selectively collecting a signal at a receiver in the 

arrangement of transmitters and receivers in response to activating the second 

25 transmitter; selectively collecting a signal at the first transmitter in response to 

activating the second transmitter, when the first transmitter is located at a 

position at which the receiver collected a signal in response to activating the 

second transmitter; and processing the collected signals from activating the 

second transmitter with the collected signals from activating the first transmitter. 

30 In various embodiments, a method can include, in addition to the 

processes discussed above with respect to method 1700, selectively activating, at 

different positions downhole, the second transmitter in the arrangement of 

transmitters and receivers; selectively collecting a signal at a receiver in the 
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5

selectively activated at different positions downhole. At 1720, a signal at a

receiver in the arrangement of ftansmitters and receivers is selectively collected

in response to activating the fust transmitter. At 1730, a signal at a second

transmitter in the arrangement of transmitters and receivers is selectively

collected in response to activating the first tansmitter, when the second

transmitter is located at a position at which the receiver collected the signal in

response to activating the fransmitter. At 1740, the collected signals are

processed such that the arrangement of tansmitters and receivers provides

measurements that mimic operation of a different arrangement of transmitters

and receivers.

Method 1700 can be used with tools and processing units similar or

identical to tools and processing units described herein. For example, the

arrangement of transmitters and receivers along a longitudinal axis of a tool can

be implemented using tool 205-l of Figure 2A or tool 205-2 of Figare 28.

Depth shifting such tools to activate the transmitters at different positions

downhole and collect signals at receivers and üansmitterc can be conducted such

that a physical structure of an arrangement of transmitter antennas and receiver

antennas different from the physical arrangement shown in Figures 2A and2B

can be mimicked by the physical arrangement shown in Figures Zn and2B.

In various embodiments, a method can include, in addition to the

processes discussed above with respect to method 1700, selectively activating, at

different positions downhole, the second lansmitter in the arrangement of

transmitters and receivers; selectively collecting a signal at a receiver in the

arrangement of hansmitters and receivers in response to activating the second

transmitter; selectively collecting a signal at the first transmitter in response to

activating the second transmitter, when the first transmitter is located at a

position at which the receiver collected a signal in response to activating the

second hansmitter; and processing the collected signals from activating the

second transmitter with the collected signals from activating the first transmitter.

In various embodiments, a method can include, in addition to the

processes discussed above with respect to method 1700, selectively activating, at

different positions downhole, the second fransmitter in the arrangement of

transmitters and receivers; selectively collecting a signal at a receiver in the
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arrangement of transmitters and receivers in response to activating the second 

transmitter; selectively collecting a signal at the first transmitter in response to 

activating the second transmitter, when the first transmitter is located at a 

position at which the receiver collected a signal in response to activating the 

5 second transmitter; and processing the collected signals from activating the 

second transmitter with the collected signals from activating the first transmitter 

such that the arrangement of transmitters and receivers provides measurements 

that mimic measurements from a desired triaxial tool. 

Various methods associated with method 1700 can include operation of a 

10 tool similar to or identical to tool 205-1 of Figure 2A or tool 205-2 of Figure 2B 

in accordance with the various operations discussed herein with respect to tool 

205-1. Such operations can include various activations of transmitters and 

collections of signals at receivers and transmitters at different positions of the 

tool downhole. Positioning at such positions can be realized by depth shifting 

15 the tool. The various methods may be performed in which the arrangement of 

transmitters and receivers is structured as an arrangement of transmitter antennas 

and receiver antennas including the first transmitter antenna and the second 

transmitter antenna separated by two receiver antennas and arranged along the 

longitudinal axis of a tool with the first transmitter antenna, the second 

20 transmitter antenna, and the two receiver antennas tilted with respect to the 

longitudinal axis of the tool, the first transmitter antenna and the second 

transmitter antenna being oriented such that they lie in directions perpendicular 

to each other. The first and second transmitter antennas can be arranged as an 

up transmitter antenna and a down transmitter antenna, where up and down are 

25 relative to the longitudinal axis of the tool, with the tool being downhole. The 

first transmitter antenna, the second transmitter antenna, and the two receiver 

antennas can be arranged symmetrically relative to a reference location between 

the two receiver antennas. 

In various embodiments, a method can include shifting the tool relative 

30 to a reference location between the two receiver antennas such that the first 

transmitter antenna or the second transmitter antenna is shifted to a position of 

one of the two receiver antennas relative to the reference location before the 

shift. Various methods can include selectively activating the transmitter 
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arrangement of fansmitters and receivers in response to activating the second

fiansmitter; selectively collecting a signal at the first transmitter in response to

activating the second transmitter, when the first transmitter is located at a

position at which the receiver collected a signal in response to activating the

5 second hansmitter; and processing the collected signals from activating the

second transmitter with the collected signals from activating the first transmitter

such that the arrangement of tansmitters and receivers provides measurements

that mimic measurements from a desired tria,xial tool.

Various methods associated with method 1700 can include operation of a

I 0 tool simila¡ to or identical to tool 205- l of Figure 2A or tool205-2 of Figure 28

in accordance with the various operations discussed herein with respect to tool

205-1. Such operations can include various activations of fransmitters and

collections of signals at receivers and hansmitters at different positions of the

tool dorvnhole. Positioning at such positions can be realizedby depth shifting

15 the tool. The various methods may be performed in which the arrangement of

transmitters and receivers is stmctured as an arrangement of transmitter antermas

and receiver antennas including the fust hansmitter antenna and the second

transmitter antenna separated by two receiver antennas and arranged along the

longitudinal axis of a tool with the first hansmitter antenna, the second

20 transmitter antenna, and the two receiver antennas tilted with respect to the

longitudinal axis of the tool, the first transmitter antenna and the second

transmitter antenna being oriented such that they lie in directions perpendicular

to each other. The first and second transmitter antennas can be arranged as an

up transmitter antenna and a down hansmitter antenna, where up and down are

25 relative to the longitudinal axis of the tool, with the tool being downhole. The

first tansmitter antenna, the second transmitter antenna, and the two receiver

antennas can be arranged symmetrically relative to a reference location between

the two receiver antennas.

In various embodiments, a method can include shifting the tool relative

30 to a reference location between the two receiver antennas such that the first

transmitter antenna or the second transmitter antenna is shifted to a position of

one of the two receiver antennas relative to the reference location before the

shift. Various methods can include selectively activating the transmitter
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antennas and selectively collecting signals at the receiver antennas and 

transmitter antennas at different angles of rotation of the tool, the different 

angles corresponding to partitioning a rotation of the tool into a number of 

different bins. From processing the collected signals, anisotropic formations can 

5 be identified. From the collected signals, computation of a voltage matrix can be 

conducted such that the tool operates as a triaxial tool. Using the computed 

voltage matrix, one or more of horizontal resistivity, vertical resistivity, or dip 

angle can be determined. In various methods similar to or identical to operations 

of tools and/or processing units described herein, the tool can be operated as a 

10 logging-while-drilling tool. 

Various components of a tool, having an arrangement of transmitters and 

receivers, and a processing unit that selectively activates the transmitters and 

selectively collects signals received at the arrangement of transmitters and 

receivers at different locations downhole in a well such that the tool operates to 

15 

20 

mimic a tool structure having a different arrangement of transmitters and 

receivers, as described herein or in a similar manner, can be realized in hardware 

implementations, software implementations, and combinations of hardware and 

software implementations. These implementations may include a machine-

readable storage medium having machine-executable instructions stored thereon, 

such as a computer-readable medium having computer-executable instructions, 

which instructions when executed by a processor, cause the machine to perform 

various operations. The operations can include selectively activating, at 

different positions downhole, a first transmitter in an arrangement of transmitters 

and receivers along a longitudinal axis of a tool; selectively collecting a signal at 

25 a receiver in the arrangement of transmitters and receivers in response to 

activating the first transmitter; selectively collecting a signal at a second 

transmitter in the arrangement of transmitters and receivers in response to 

activating the first transmitter, when the second transmitter is located at a 

position at which the receiver collected the signal in response to activating the 

30 transmitter; and processing the collected signals such that the arrangement of 

transmitters and receivers provides measurements that mimic operation of a 

different arrangement of transmitters and receivers. A machine-readable storage 

medium can be realized, where the machine-readable storage medium has 
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antennas and selectively collecting signals at the receiver anten¡ras and

transmitter antennas at different angles of rotation of the tool, the different

angles corresponding to partitioning a rotation of the tool into a number of

different bins. From processing the collected signals, anisoûopic formations can

5 be identifred. From the collected signals, computation of a voltage matrix can be

conducted such that the tool operates as a triaxial tool. Using the computed

voltage matrix, one or more of horizontal resistivity, vertical resistivity, or dip

angle can be determined. In various methods similar to or identical to operations

oftools and/or processing units described herein, the tool can be operated as a

l0 logging-while-drillingtool.

Various components of a tool, having an aûangement of transmitters and

receivels, and a processing unit that selectively activates the tansmitters and

selectively collects signals received at the arrangement of tansmitters and

receivers at different locations downhole in a well suoh that the tool operates to

l5 mimic a tool structure having a different arrangement of transmitters and

receivers, as described herein or in a similar manner, can be realized in hardware

implementations, software implementations, and combinations of hardware and

software implementations. These implementations may include a machine-

readable storage medium having machine-executable instructions stored thereon,

Z0 such as a computer-readable medium having computer-executable instructions,

which instructions when executed by a processot, cause the machine to perform

various operations. The operations can include selectively activating, at

different positions downhole, a first transmitter in an arrangement of transmitters

and receivers along a longitudinal axis ofa tool; selectively collecting a signal at

25 a receiver in the arrangement of transmitters and receivers in response to

activating the fi¡st transmitter; selectively collecting a signal at a second

transmitter in the arrangement of transmitters and receivers in response to

activating the fnst hansmitter, when the second transmitter is located at a

position at which the receiver collected the signal in response to activating the

30 transmitter; and processing the collecæd signals such that the arrangement of

transmitters and receivers provides measurements that mimic operation of a

different anangement of transmitters and receivers. A machine-readable storage

medium can be realized, where the machine-readable storage medium has
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instructions stored thereon, which when performed by a machine, cause the 

machine to perform operations, the operations comprising one or more 

processes, similar or identical to one or more processes described herein. In 

various embodiments, machine-readable storage medium is used with a 

5 processor to manage a tool and collect signals from the tool such that the tool 

mimics an arrangement of transmitters and receivers for a desired triaxial tool, 

which may not be physically implementable. The form of the machine-readable 

medium is not limited to any one type of machine-readable medium, but can be 

any machine-readable medium. For example, a machine-readable medium can 

10 include a data storage medium that can be implemented in a housing disposed in 

a collar of a drill string or in a wireline configuration and/or in a system control 

center. 

Figure 18 depicts a block diagram of features of an example system 1800 

having a processing unit and a tool to operatively provide measurements to 

15 mimic different arrangements of transmitters and receivers. System 1800 

includes a sensor tool 1805 having an arrangement of transmitters and receivers 

in which measurement signals can be acquired in the arrangement of transmitters 

and receivers in response to selectively activating one or more transmitters in the 

arrangement, where processing the collected signals from the receivers and 

20 transmitter provides measurements such that the tool mimics a different 

arrangement of transmitters and receivers. Operating sensor tool 1805, in 

accordance with procedures similar or identical to procedures discussed herein, 

can provide measurements corresponding to sensor tool 1805 mimicking a 

desired triaxial tool, which may not be implementable in a physical arrangement 

25 of transmitters and receivers. An implementation of sensor tool 1805 can 

provide a triaxial LWD tool, which may not be physically implementable 

directly as a triaxial LWD tool. The arrangements of transmitters and receivers 

of sensor tool 1805 can be realized in similar or identical manner to 

arrangements discussed herein. 

30 System 1800 can also include a controller 1862, a memory 1864, an 

electronic apparatus 1868, and a communications unit 1866. Controller 1862, 

memory 1864, and communications unit 1866 can be arranged to control 

operation of sensor tool 1805 in a manner similar or identical to a processing 
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instructions stored theteon, which when performed by a machine, cause the

machine to perform operations, the operations comprising one or more

processes, similar or identical to one or more processes described herein. In

various embodiments, machine-readable storage medium is used with a

5 processor to manage a tool and collect signals from the tool such that the tool

mimics an arrangement of transmitters and receivers for a desired triaxial tool,

which may not be physically implementable. The form of the machine-readable

medium is not limited to any one t¡rye of machine-readable medium, but can be

any machine-readable medium. For example, a machine-readable medium can

l0 include a data storage medium that can be implemented in a housing disposed in

a collar of a drill string or in a wireline configuration and/or in a system oontrol

center.

Figure l8 depicts a block diagram offeatures ofan example system 1800

having a processing unit and a tool to operatively provide measurements to

15 mimic different arrangements of tansmitters and receivers. System 1800

includes a sensor tool 1805 having an arrangement of transmitters and receivers

in which measurement signals can be acquired in the arrangement of transmitters

and receivers in response to selectively activating one or more transmitters in the

arrangement, where processing the collected signals from the ¡eceivers and

20 hansmitter provides measurements such that the tool mimics a diffe¡ent

anangement of transmitters and receivers. Operating sensor tool 1805, in

accordance with procedures similar or identical to procedures discussed herein,

can provide measurements corresponding to sensor tool 1805 mimicking a

desired triaxial tool, which may not be implementable in a physical arrangement

25 of transmitters and receivers. An implementation of sensor tool 1805 can

provide a triaxial LV/D tool, which may not be physically implementable

directþ as a triaxial LWD tool. The arrangements of transmitters and receivers

of sensor tool 1805 can be realized in similar or identical manner to

arrangements discussed herein.

30 System 1800 can also include a conholler 1862,a memory 1864, an

electronic apparatus 1868, and a communications unit 1866. Contoller 1862,

memory 1864, and comrnunications unit 1866 can be arranged to control

operation of sensor tool 1805 in a manner similar or identical to a processing

24



unit discussed herein. Various components of system 1800 can operate together 

as a processing unit to provide control and processing for sensor tool 1805 to 

mimic different arrangements of transmitter and receivers, such as a triaxial tool. 

Controller 1862, memory 1864, and electronic apparatus 1868 can be realized to 

5 control activation of transmitter antennas and selection of receiver antennas and 

transmitter antennas in sensor tool 1805 and to manage processing schemes in 

accordance with measurement procedures and signal processing as described 

herein. Communications unit 1866 can include downhole communications in a 

drilling operation. Such downhole communications can include a telemetry 

10 system. 

System 1800 can also include a bus 1863, where bus 1863 provides 

electrical conductivity among the components of system 1800. Bus 1863 can 

include an address bus, a data bus, and a control bus, each independently 

configured. Bus 1863 can also use common conductive lines for providing one 

15 or more of address, data, or control, the use of which can be regulated by 

controller 1862. Bus 1863 can be configured such that the components of 

system 1800 are distributed. Such distribution can be arranged between 

downhole components such as transmitters and receivers of sensor tool 1805 and 

components that can be disposed on the surface. Alternatively, the components 

20 can be co-located such as on one or more collars of a drill string or on a wireline 

structure. 

25 

In various embodiments, peripheral devices 1867 can include displays, 

additional storage memory, and/or other control devices that may operate in 

conjunction with controller 1862 and/or memory 1864. In an embodiment, 

controller 1862 is a processor. Peripheral devices 1867 can be arranged with a 

display can be used with instructions stored in memory 1864 to implement a user 

interface to manage the operation of sensor tool 1805 and/or components 

distributed within system 1800. Such a user interface can be operated in 

conjunction with communications unit 1866 and bus 1863. Various components 

30 of system 1800 can be integrated with sensor tool 1805 such that processing 

identical to or similar to the processing schemes discussed with respect to 

various embodiments herein can be performed downhole in the vicinity of the 

measurement. 
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unit discussed herein. Various components of system 1800 can operate together

as a processing unit to provide control and processing for sensor tool I 805 to

mimic different arrangements of transmitter and receivers, such as a triaxial tool.

Controller 1862, memory 1864, and electonic apparatus 1868 can be realized to

5 control activation of ftansmitter antennas and selection of receiver antennas and

transmitter antennas in sensor tool 1805 and to manage processing schemes in

accordance with measurement procedures and signal processing as described

herein. Communications unit 1866 can include downhole communications in a

drilling operation. Such downhole communications oan include a telemetry

10 system.

System 1800 can also include abus 1863, where bus 1863 provides

electrical conductivity among the components of system 1800. Bus 1863 can

include an address bus, a data bus, and a conEol bus, each independentþ

configured. Bus 1863 can also use common conductive lines forproviding one

15 or more of address, data, or contol, the use of which can be regulated by

controller I 862. Bus 1863 can be configured such that the components of

system 1800 are distributed. Such distribution can be ananged befiveen

downhole components such as fransmitters and receivers of sensor tool 1805 and

components that can be disposed on the surface. Alternatively, the components

20 can be co-located such as on one or more collars of a drill string or on a wireline

structure.

In various embodiments, peripheral devices 1867 can include displays,

additional storage memory, and/or other control devices that may operate in

conjunction with conholler 1862 and/or memory 1864. In an embodiment,

25 controller 1862 is a processor, Peripheral devices 1867 canbe arranged with a

display can be used with instructions stored in mernory 1864 to implement a user

interface to manage the operation of sensor tool 1805 and/or components

distributed within system 1800. Such a user interface can be operated in

conjunction with communications unit 1866 and bus 1863. Various components

30 of system 1 800 can be integrated with sensor tool 1805 such that processing

identical to or similar to the processing schemes discussed with respect to

various embodiments herein can be performed downhole in the vicinity of the

measurement.
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Figure 19 depicts an embodiment of a system 1900 at a drilling site, 

where system 1900 includes a measurement tool 1905 having a processing unit 

and a sensor unit, where sensor unit includes an arrangement of transmitters and 

receivers in which measurement signals can be acquired in the arrangement of 

5 transmitters and receivers in response to selectively activating one or more 

transmitters in the arrangement, where processing the collected signals from the 

receivers and transmitter provides measurements such that the tool mimics a 

different arrangement of transmitters and receivers. Though shown as a single 

unit in Figure 19 the processing unit of measurement can be distributed among 

10 downhole apparatus and surface apparatus. Measurement tool 1905 can be 

structured and fabricated in accordance with various embodiments as taught 

herein with respect to a processing unit and a sensor tool having an arrangement 

of transmitters and receivers. 

System 1900 can include a drilling rig 1902 located at a surface 1904 of a 

15 well 1906 and a string of drill pipes, that is, drill string 1908, connected together 

so as to form a drilling string that is lowered through a rotary table 1907 into a 

wellbore or borehole 1912. The drilling rig 1902 can provide support for drill 

string 1908. The drill string 1908 can operate to penetrate rotary table 1907 for 

drilling a borehole 1912 through subsurface formations 1914. The drill string 

20 1908 can include drill pipe 1918 and a bottom hole assembly 1920 located at the 

lower portion of the drill pipe 1918. 

The bottom hole assembly 1920 can include drill collar 1915, measurement tool 

1905 attached to drill collar 1915, and a drill bit 1926. The drill bit 1926 can 

operate to create a borehole 1912 by penetrating the surface 1904 and subsurface 

25 formations 1914. Measurement tool 1905 can be structured for an 

implementation in the borehole of a well as a measurements-while-drilling 

(MWD) system such as a logging-while-drilling (LWD) system. The housing 

containing measurement tool 1905 can include electronics to activate 

transmitters of measurement tool 1905 and collect responses from receivers and 

30 transmitters of measurement tool 1905. Such electronics can include a 

processing unit to analyze signals sensed by measurement tool 1905 and provide 

measurement results to the surface over a standard communication mechanism 

for operating a well. Alternatively, electronics can include a communications 
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Figure 19 depicts an embodiment of a system 1900 at a drilling site,

where system 1900 includes a measurement tool 1905 having a processing unit

and a sensor unit, where sensor unit includes an arangement of transmitters and

receive¡s in which measurement signals can be acquired in the arrangement of

5 transmitters and receivers in response to selectively activating one or more

transmitters in the arrangement, where processing the collected signals from the

receivers and transmitter provides measurements such that the tool mimics a

different arrangement of transmitte¡s and receivers. Though shown as a single

unit in Figure 19 the processing unit of measurement can be disfributed among

10 downhole apparatus and surface apparatus. Measurement tool 1905 can be

structured and fabricated in accordance with various embodiments as taught

herein with respect to a processing unit and a sensor tool having an arrangement

of transmitters and receivers.

System 1900 can include a drilling rig 1902 located at a surface 1904 ofa

l5 well 1906 and a string of drill pipes, that is, drill shing 1908, conneoted together

so as to form a drilling string that is lowered through arctny table 1907 into a

wellbore or borehole 1912. The drilling ng1902 can provide support for drill

string 1908. The drill shing 1908 can operate to penetrate rotary table 1907 for

drilling a borehole 1912 through subsurface formations 1914. The drill string

20 1908 can include drill pipe 1918 and a bottom hole assembly 1920located at the

lower portion of the drill pipe 1918.

The bottom hole assembly 1920 can include drill collar 1915, measurement tool

1905 attached to drill collar 1915, and a drill bit 1926. The drill bit 1926 can

operate to create a borehole l9l2by penetrating the surface 1904 and subsurface

25 formations 1914. Measurement tool 1905 can be structured for an

implementation in the borehole of a well as a measurements-while-drilling

(MWD) system such as a logging-while-drilling (LWD) system. The housing

containing measurement tool 1905 can include electronics to activate

transmitters of measurement tool 1905 and collect responses from receivers and

30 transmitters of measurement tool 1905. Such elecfronics can include a

processing unit to analyze signals sensed by measurement tool 1905 and provide

measurement results to the surface over a standard communication mechanism

for operating a well. Alternatively, electronics can include a communications
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interface to provide signals sensed by measurement tool 1905 to the surface over 

a standard communication mechanism for operating a well, where these sensed 

signals can be analyzed at a processing unit at the surface. 

In various embodiments, measurement tool 1905 may be included in a 

5 tool body 1970 coupled to a logging cable 1974 such as, for example, for 

wireline applications. Tool body 1970 containing measurement tool 1905 can 

include electronics to activate transmitters of measurement tool 1905 and collect 

responses from receivers and transmitters of measurement tool 1905. Such 

electronics can include a processing unit to analysis signals sensed by 

10 measurement tool 1905 and provide measurement results, such as formation 

properties, to the surface over a standard communication mechanism for 

operating a well. Alternatively, electronics can include a communications 

interface to provide signals sensed by measurement tool 1905 to the surface over 

a standard communication mechanism for operating a well, where these 

15 collected sensed signals are analyzed at a processing unit at the surface. 

Logging cable 1974 may be realized as a wireline (multiple power and 

communication lines), a mono-cable (a single conductor), and/or a slick-line (no 

conductors for power or communications), or other appropriate structure for use 

in bore hole 1912. 

20 During drilling operations, the drill string 1908 can be rotated by the 

rotary table 1907. In addition to, or alternatively, the bottom hole assembly 

1920 can also be rotated by a motor (e.g., a mud motor) that is located downhole. 

The drill collars 1915 can be used to add weight to the drill bit 1926. The drill 

collars 1915 also can stiffen the bottom hole assembly 1920 to allow the bottom 

25 hole assembly 1920 to transfer the added weight to the drill bit 1926, and in turn, 

assist the drill bit 1926 in penetrating the surface 1904 and subsurface 

formations 1914. 

During drilling operations, a mud pump 1932 can pump drilling fluid 

(sometimes known by those of skill in the art as "drilling mud") from a mud pit 

30 	1934 through a hose 1936 into the drill pipe 1918 and down to the drill bit 1926. 

The drilling fluid can flow out from the drill bit 1926 and be returned to the 

surface 1904 through an annular area 1940 between the drill pipe 1918 and the 

sides of the borehole 1912. The drilling fluid may then be returned to the mud 
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interface to provide signals sensed by measurement tool 1905 to the surface over

a standard communication mechanism for operating a well, where these sensed

signals can be analyz.ed at a processing unit at the surface.

In various embodiments, measurement tool 1905 may be included in a

5 tool body 1970 coupled to a logging cablø 1974 such as, for example, for

wi¡eline applications. Tool body 1970 containing measurement tool 1905 can

include electronics to activate transmitters of measurement tool 1905 and collect

responses from receivers and transmitters of measurement tool 1905. Such

electronics can include a processing unit to analysis signals sensed by

10 measurement tool 1905 and provide measurement results, such as formation

properties, to the surface over a standard communication mechanism for

operating a well. Alternatively, electonics can include a communications

interface to provide signals sensed by measurement tool 1905 to the surface over

a standard communication mechanism for operating a well, where these

I 5 collected sensed signals arc analyzed at a processing unit at the surface.

Logging cable 7974 may be realized as a wireline (multiple power and

communication lines), a mono-cable (a single conductor), and/or a slickJine (no

conductors for power or communications), or other appropriate strucfure for use

in bore hole 1912.

20 During drilling operations, the drill string 1908 can be rotated by the

rotary table 1907. In addition to, or alternatively, the bottom hole assembly

1920 can also be rotated by a motor (e.g., a mud motor) that is located downhole.

The drill collars 1915 can be used to add weight to the drill bit 1926. The drill

collars 1915 also can stiffen the bottom hole assembly 1920 to allow the bottom

25 hole assembly 1920 to transfer the added weight to the drill bit 1926, and in turn,

assist the drill bit 7926 inpenehating the surface 1904 and subsurface

formations 1914.

During drilling operations, a mud pump 1932 canpump drilling fluid

(sometimes known by those of skill in the art as "drilling mud") from a mud pit

30 1934 through a hose 1936 into the drill pipe 1918 and down to the drill bit1926.

The drilling fluid can flow out from the drill bit 1926 andbe retumed to the

surface 1904 through an annular zrea 7940 between the drill pipe 1918 and the

sides of the borehole 7912. T\e drilling fluid may then be returned to the mud
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pit 1934, where such fluid is filtered. In some embodiments, the drilling fluid 

can be used to cool the drill bit 1926, as well as to provide lubrication for the 

drill bit 1926 during drilling operations. Additionally, the drilling fluid may be 

used to remove subsurface formation 1914 cuttings created by operating the drill 

5 bit 1926. 

Although specific embodiments have been illustrated and described 

herein, it will be appreciated by those of ordinary skill in the art that any 

arrangement that is calculated to achieve the same purpose may be substituted 

for the specific embodiments shown. Various embodiments use permutations 

10 and/or combinations of embodiments described herein. It is to be understood 

that the above description is intended to be illustrative, and not restrictive, and 

that the phraseology or terminology employed herein is for the purpose of 

description. Combinations of the above embodiments and other embodiments 

will be apparent to those of skill in the art upon studying the above description. 

15 
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pit 1934, where such fluid is filtered. In some embodiments, the drilling fluid

can be used to cool the drill bit 1926, as well as to provide lubrication for the

drill bit 1926 during driiling operations. Additionall¡ the drilling fluid may be

used to remove subsurface formation 1914 cuttings created by operating the drill

bitt926.

Although specific embodiments have been illustrated and described

herein, it will be appreciated by those of ordinary skill in the art that any

arrangement that is calculated to achieve the same purpose may be substituted

for the specific embodiments shown. Various embodiments use permutations

and/or combinations of embodiments described herein. It is to be understood

that the above description is intended to be illushative, and not restrictive, and

that the phraseology or terminology employed herein is for the purpose of

description. Combinations of the above embodiments and other embodiments

will be apparent to those of skill in the art upon studying the above description.
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CLAIMS 

What is claimed is: 

1. A method of measuring properties downhole, the method comprising: 

5 activating, at different positions downhole, a first transmitter in an 

arrangement of transmitters and receivers along a longitudinal axis; 

collecting a signal at a receiver in the arrangement of transmitters and 

receivers in response to activating the first transmitter; 

collecting a signal at a second transmitter in the arrangement of 

10 transmitters and receivers in response to activating the first transmitter, when the 

second transmitter is located at substantially the same position at which the 

receiver collects the signal in response to activating the first transmitter; and 

processing the collected signals to provide measurements that mimic 

operation of a different arrangement of transmitters and receivers. 

15 

2. The method of claim 1, wherein the method comprising: 

activating, at different positions downhole, the second transmitter in the 

arrangement of transmitters and receivers; 

collecting a signal at the or another receiver in the arrangement of 

20 transmitters and receivers in response to activating the second transmitter; 

collecting a signal at the first transmitter in response to activating the 

second transmitter, when the first transmitter is located at substantially the same 

position at which the or the other receiver collects the signal in response to 

activating the second transmitter; and 

25 processing the collected signals from activating the second transmitter 

with the collected signals from activating the first transmitter to provide the 

measurements that mimic operation of the different arrangement of transmitters 

and receivers. 

30 3. The method of claim 1 or 2, wherein processing the collected signals includes 

processing together the signals collected at substantially the same position both 

by one of the transmitters and by the respective receiver, each in response to 

activating the other transmitter at corresponding different downhole positions of 
29 

CLAIMS

What is claimed is:

1. A method of measuring properties downhole, the method comprising:

5 activating, at different positions downhole, a first fransmitter in an

arrangement of transmitters and receivers along a longitudinal axis;

collecting a signal at a receiver in the anangement of tansmitters and

receivers in response to activating the first hansmitter;

collecting a signal at a second fransmitter in the arangement of

10 tansmitters and receivers in response to activating the first fuansmitter, when the

second fiansmitter is located at substantially the same position at which the

receiver collects the signal in response to activating the first hansmitter; and

processing the collected signals to provide measurements thatmimic

operation of a different arrangement of transmitters and receivets.

15

2. The method of claim l, wherein the method comprising:

activating, at different positions downhole, the second transmitter in ttre

arrangement of transmitters and receivers;

collecting a signal at the or another receiver in the arrangement of

20 transmitters and receivers in response to activating the second transmitter;

collecting a signal at the first transmitter in response to activating the

second transmitter, when the first transmitter is located at substantially the same

position at which the or the other receiver colleots the signal in response to

activating the second kansmitter; and

25 processing the collected signals from activating the second transmitter

with the collected signals from activating the first transmitter to provide the

measurements that mimic operation of the different arrangement of üansmitters

and receivers.

30 3. The method of claim 1 or 2, wherein processing the collected signals includes

processing together the signals collected at substantially the same position both

by one of the transmitters and by the respective receiver, each in response to

activating the other transmitter at corresponding different downhole positions of
29



the arrangement of transmitters and receivers, to provide measurements that 

mimic measurements obtainable at a single downhole position by operation of 

the different arrangement of transmitters and receivers. 

5 4. The method of claim 1, 2, or 3, wherein the collected signals are 

processed to mimic measurements from a triaxial tool having said different 

arrangement of transmitters and receivers. 

5. The method of claims 1, 2, 3, or 4, wherein the arrangement of 

10 transmitters and receivers includes the first transmitter antenna and the second 

transmitter antenna separated by two receiver antennas and arranged along the 

longitudinal axis of a tool with the first transmitter antenna, the second 

transmitter antenna, and the two receiver antennas tilted with respect to the 

longitudinal axis of the tool, the first transmitter antenna and the second 

15 transmitter antenna being oriented such that they lie in directions perpendicular 

to each other. 

6. The method of claim 5, wherein the first transmitter antenna and the 

second transmitter antenna are arranged equidistant on either side of a reference 

20 location which is at the midpoint between the two receiver antennas. 

7. The method of claim 6, wherein the method includes shifting the tool 

relative to the reference location between the two receiver antennas such that the 

first transmitter antenna or the second transmitter antenna is shifted to a position 

25 of one of the two receiver antennas relative to the reference location before the 

shift. 

8. The method of any preceding claim 1, 2, or 3, wherein the method 

includes selectively activating the transmitter antennas and selectively collecting 

30 signals at the receiver antennas and at one or more of the transmitter antennas at 

different angles of rotation of the arrangement of transmitters and receivers 

about the longitudinal axis, the signals at different angles being collected in a 
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the arrangement of transmitters and receivers, to provide measurements that

mimic measurements obtainable at a single downhole position by operation of

the different arrangement of transmitters and ¡eceivers.

4. The method of claim 1,2, or 3, wherein the collected signals are

processed to mimic measurements from a triaxial tool having said different

arrangement of transmitters and receivers.

5. The method of claims 1,2,3, or 4, wherein the arrangement of

l0 transmitters and receivers includes the first tansmitter antenna and the second

transmitter antenna separated by two receiver antennas and arranged along the

longitudinal axis of a tool with the first transmitter antenna, the second

transmitter antenna, and the two receiver anþnnas tilted wittr respect to the

longitudinal axis of the tool, the first tuansmitter antenna and the second

15 ftansmitter antenna being oriented such that they lie in directions perpendicular

to eaoh other.

20

6. The method of claim 5, wherein the first hansmitter antenna and the

second transmitter antenna are arranged equidistant on either side of a reference

location which is at the midpoint between the two receiver antennas.

25

7. The method of claim 6, wherein the method includes shifting the tool

relative to the reference location between the two receiver antennas such that the

first transmitter antenna or the second transmitter antenna is shifted to a position

of one of the two receiver antennas relative to the reference looation before the

shift.

8. The method of any preceding claim l, 2, or 3, wherein the method

includes selectively activating the transmitter antennas and selectively collecting

30 signals at the receiver antennas and at one or more of the transmitter antennas at

different angles of rotation of the arrangement of transmitters and receivers

about the longitudinal axis, the signals at different angles being collected in a

30



number of different bins corresponding to partitions of a complete rotation about 

the axis. 

9. The method of any preceding claim, wherein the method further includes 

5 identifying anisotropic downhole formations from the processed collected 

signals. 

10. The method of any preceding claim, wherein the method includes 

computation of a voltage matrix from the collected signals such that the 

10 arrangement of transmitters and receivers operates as a triaxial tool. 

11. The method of claim 10, wherein the method includes determining one or 

more of horizontal resistivity, vertical resistivity, or dip angle using the voltage 

matrix. 

15 

12. The method of any preceding claim, wherein the method is a logging-

while-drilling method. 

20 

13. A machine-readable storage medium having instructions stored thereon, 

which, when performed by a machine, cause the machine to perform the method 

of any of claims 1 to 12. 

14. An apparatus to measure properties downhole, the apparatus comprising: 

a tool having an arrangement of transmitters and receivers along a 

25 longitudinal axis of the tool; and 

a processing unit to control activation of the transmitters of the tool and 

to process signals received from receivers and transmitters in the tool in 

accordance with the method of any of claims 1 to 12. 

30 15. A method of measuring properties downhole, the method comprising: 

activating, at different positions downhole, a first transmitter in an 

arrangement of transmitters and receivers along a longitudinal axis; 
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number of different bins corresponding to partitions of a complete rotation about

the axis.

9. The method of any preceding claim, wherein the method further includes

5 identiffing anisotropic downhole formations from the processed collected

signals.

10. The method of any preceding claim, wherein the method includes

computation of a voltage matrix from the collected signals such that the

10 arrangement of hansmitte¡s and receivers operates as a triaxial tool.

11. The method of claim 10, wherein the method includes determining one or

more of horizontal resistivity, vertical resistivity, or dip angle using the voltage

matrix.

15

12. The method of any preceding claim, wherein the method is a logging-

while-drilling method.

13. A machine-readable storage medium having instructions stored thereon,

20 which, when performed by a machine, cause the machine to perform the method

of any of claims I to 12.

25

14. An apparatus to measure properties downhole, the apparatus comprising:

a tool having an arangement of transmitters and receivers along a

longitudinal axis of the tool; and

a processing unit to control activation of the transmitters of the tool and

to process signals received from receivers and transmitters in the tool in

accordance with the method of any of claims I to 12.

30 15. A method of measuring properties downhole, the method comprising:

activating, at different positions downhole, a first transmitter in an

arrangement of transmitters and ¡eceivers along a longitudinal axis;
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collecting a signal at a receiver in the arrangement of transmitters and 

receivers in response to activating the first transmitter at a first downhole 

position; 

collecting a signal at a second transmitter in the arrangement of 

5 	transmitters and receivers in response to activating the first transmitter at a 

second downhole position; and 

processing together the signals collected at the first and second positions, 

respectively by the receiver and the second transmitter, in response to activating 

the first transmitter at each position, to provide measurements that mimic 

10 	measurements obtainable at a single downhole position with a different 

arrangement of transmitters and receivers. 

16. 	A method of measuring properties downhole, the method comprising: 

activating, at different positions downhole, a transmitter in an 

15 	arrangement of transmitters and receivers along a longitudinal axis; 

collecting a signal at a first receiver in the arrangement of transmitters 

and receivers in response to activating the first transmitter at a first downhole 

position; 

collecting a signal at a second receiver in the arrangement of transmitters 

20 	and receivers in response to activating the first transmitter at a second downhole 

position, at which second downhole position the second receiver is at 

substantially the same location at which the first receiver collects the signal in 

response to activating the first transmitter at the first downhole position; and 

processing together the signals collected by both of the first and second 

25 	receivers at substantially the same location, in response to activating the first 

transmitter at each downhole position, to provide measurements that mimic 

measurements obtainable at a single downhole position with a different 

arrangement of transmitters and receivers. 

30 	17. 	The method of claim 16, wherein one or both of the first and second 

receivers is a transceiver or a transmitter operated as a receiver. 
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collecting a sigrral at a receiver in the arrangement of fransmitters and

receivers in response to activating the first fransmitter at a first downhole

position;

collecting a signal at a second hansmitter in the arrangement of

5 transmitters and receivers in response to activating the first tansmitter at a

second downhole position; and

processing together the signals collected at the first and second positions,

respectively by the receiver and the second üansmitter, in response to activating

the first transmitter at each position, to provide measutements that mimic

10 measurements obtainable at a single downhole position with a different

arrangement of transmitters and rereivers.

16. A method of measuring properties downhole, the method comprising:

activating, at differentpositions downhole, a tuansrnitter in an

15 arrangement of transmitters and receivers along a longitudinal axis;

collecting a signal at a first receiver in the arrangement of fransmitters

and receivers in response to activating the first hansmitter at a first downhole

position;

collecting a signal at a second receiver in the arrangement of hansmitters

20 and receivers in response to activating the first transmitter at a second downhole

position, at which second downhole position the second receiver is at

substantially the same location at which the first receiver collects the signal in

response to activating the first transmitter at the first downhole position; and

processing together the signals collected by both ofthe first and second

25 receivers at substantially the same location, in response to activating the first

transmitter at each downhole position, to provide measurements that mimic

measurements obtainable at a single downhole position with a different

arrangement of transmitters and receivers.

30 17. The method of claim 16, wherein one or both of the first and second

receivers is a transceiver or a transmitter operated as a receiver.
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18. 	The method of claim 15, 16, or 17, wherein the collected signals are 

processed to mimic measurements from a triaxial tool having said different 

arrangement of transmitters and receivers. 

5 
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1 8. The method of claim 15, 16, or 17, wherein the collected signals are

processed to mimic measutements from a triaxial tool having said different

arrangement of transmitters and receivers.
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