
OPTIMIZED ARRAYS FOR LOOK AHEAD-OF-BIT APPLICATIONS

Technical Field

The present invention relates generally to systems having well logging

5 capability.

Backsround

In drilling wells for oil and gas exploration, understanding the shucture

and properties of the geological formation surrounding a borehole provides

l0 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 aremade at these

locations. Logging is the process of making measurements via sensors located

downhole, which can provide valuable information regarding the formation

l5 characteristics. For example, induction logging utilizes electromagnetic signals

that can make deep measurements, which are less affected by the borehole and

the effects of the zone invaded by the drilling. Most conventional tools are

located above the drill motor on the drill string and make measurements from

formations that have aheady beenpenetrated by the drill bit. Further, the

Z0 usefulness of such measurements may be related to the precision or quality of the

information derived from such measurements.

Brief Description of the Drawings

Figure I shows a block diagram of an example embodiment of an

25 apparatus having a tool to make measurements ahead of a drill bit, according to

various embodiments.

Figure 2 shows an example embodiment of an ahead-of-bit arrangement,

according to various embodiments.

Figure 3 shows an example embodiment of an at-the-tool arrangement of

30 a tool, according to various embodiments.

Figure 4 shows an example embodiment of an anangement of

transmitters and receivers of a tool applicable for anisotropic measurements,

according to various embodiments.
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5

Figure 5 shows an example embodiment of an arrangement of

transmitters and receivers of a tool, according to various embodiments.

Figure 6 shows an example embodiment of an arrangement of

transmitters and receivers of a tool, according to various embodiments.

Figure 7 shows an example embodiment of an arrangement of

transmitters and ¡eceivers of a tool, in accordance with various embodiments.

Figure 8 shows an example embodiment of an arrangement of

transmitters and receivers of a tool applicable for anisotropic measurements, in

accordance with various embodiments.

Figure 9 shows an example of an embodiment of an arrangement of

transmitte¡s and receive¡s of a tool applicable for anisotropic measurements, in

accordance with various embodiments.

Figures 104-8 show example embodiments of arrangements of

Íansmitters and receivers of a tool applicable for compensated AoB

measurement, in accordance with various embodiments'

Figures l1A-B show example embodiments of arrangements of

transmitters and receivers of a tool applicable for compensated AtT

measurement, in accordance with various embodiments.

Figure 12 shows an embodiment of an example process flow for

inversion in which an arrangement of senso¡s is used for isotropic

measurements, in accordance with various embodiments'

Figure 13 shows an embodiment of an example ptocess flow for

inversion in which an arrangement of senso¡s is used for anisotropic

measurements, according to various embodiments.

Figure 14 shows features of an embodiment of a method using a tool to

effectively optimize determination of formation properties ahead of a tool

operatively disposed in a borehole, according to various embodiments.

Figure 15 shows a test setup of an embodiment of a tool with respect to

two layers.

Figures 1 6- I 9 show the logging dat¿ and inve¡sion results associated

with the test setup of Figure 15,

Figures 20-23 show logging data and inversion results of a test setup with

5 layers, which have different resistivities, using the tool of Figure l5'
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Figures 24 and25 show horizontal and vertical at-the-tool and ahead-of-

bit signals for a test setup using the arrangement of Figure 8.

Figure 26 shows logging results for ahead-of-bit and at-the-tool signals

for different dip angles using the arrangement of Figure 5.

5 Figare 27 shows logging results for ahead-of-bit and at-the-tool signals

for different dip angles using the arrangement of Figure 7.

Figure 28 depicts a block diagram of features of an embodiment of a

system to contol activation ofarrangements ofsensors and plocess ¡eceived

signals to decouple ahead-oÊbit signals from at-the-tool signals to determine

l0 properties ahead of the drill bit, according to various embodiments.

Figure 29 depicts an embodiment of a system at a drilling site, according

to various embodiments.

Detailed Description

l5 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 ormore 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 tool 105 to make measurements ahead of a drill bit to determine

properties downhole in a well 102. Tool 105 can have an arrangement of

transmitters and receivers I l0-1, ll0-2 .. . I l0-(N-1), I 10-N to capture a signal

from a first region I 12 relative to a longitudinal axis 107 of tool 105 such that

30 signal contributions from a second region l22relative to longitudinal axis 107

are cancelable to a maximum extent based on placement of the transmitters and

receivers with respect to each other. The arrangement of transmitters and

receivers 110-1, 110-2...110-(N-1), ll0-Ncanbestructuredtocaptureasignal
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from anomalies ahead of tool 105 such that conhibutions from direct transmitter-

to-receiver signals and formation signals around tool 105 are cancelable to a

maximum extent. An anomaly is a formation structure having at least one

properly different from the adjacent or surrounding formation, such as a cavity, a

5 subterranean reservoir, or a different formation layer from the layer surrounding

the tool, or such as a well or other borehole. The arrangement of transmitters

and receivers 1 l0-1, lI0-2 .. . 1 10-(N-l), I lO-N oan be structured such that

signal contributions from anomalies ahead of tool 105 are cancelable to a

maximum extent. In various embodiments, the arrangement of transmitters and

10 teceivers 110-1, lI0-2...110-(N-l), 110-Ncanbestructuredtocaptureasignal

from around tool 105 such that a horizontal resistivity sigrral can be decoupled

from a vertical resistivity signal to a maximum extent, i.e., substantially

decoupled. The arrangement of transmitters and receivers 110-1, [0'2 .. . 110-

(N-1), 110-N can be structured to capture a signal from anomalies ahead of tool

15 105 such that contributions from direct transmitter-to-receiver signals and

formation signals around tool 105 are cancelable to a maximum extent and

structured such that signal contributions from anomalies ahead of tool 105 are

cancelable to a maximum extent, i.e., can be substantially canceled. By canceled

to a maximum extent or substantially canceled, it is meant herein that the

20 relevant signals, for example, ahead-of-tool or ahead-of-bit signals and at-the-

tool signals, are effectively isolated.

Apparatus 100 can include a control unit 120 to control activation ofthe

transmitters of tool 105 and to process signals received from the receivers in tool

105. Control unit 120 can be located at the surface of well 102 operably in

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

communication mechanism can be realized as a conìmunication vehicle that is

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

mechanism by which tool 105 is placed downhole in well 102. Control unit 120

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

30 in well 102. control unit 120 can be dishibuted along tool 105. such

embodiments can provide stable and deep evaluation of formations that have not

yet been penetrated by the drill bit during a drilling operation, prevention of

dangerous situations such as blow-outs, and enhanced recovery ofhydrocarbons.

4



5

Apparatus 100 can be structured for an implementation in the borehole of

a well as a measurements-while-drilling GVIWD) system such as a logging-

while-drilling (LWD) system. Tool 105 can be located at the drill bit of the

drilling operation. Alternatively, apparatus 100 may be configured in a wireline

configuration.

In various embodiments, transmitter antennas and receiver antennas can

be arranged as a tool for downhole measurements such that some signals can be

eliminated in the evaluation of formation properties' Such arrangements can be

rcalizedto measure the signal that is coming from ahead of the tool, which is the

region ahead of a drill bit, and to cancel the signal that is coming from around

the collar where these transmitters and receivers are disposed on the drilling

apparatus. The arrangement of such transmitters and receivers allows for

focusing ahead by cancelling the field around the collar on which the

transmitters and receivers are affixed and measuring the field ahead of the colla¡.

However, such a hardware arrangement does not cancel all of the signals, but

cancels the signals to a maximum extent to provide an effectively optimized

arrangement of transmitter antennas and receiver antennas' Such an optimized

arrangement may cancel signals from a given direction relative to tool with

respect to another direction relative to the tool in the range from about 20

percent to 30 percent, which is a significant cancellation (i.e., in this case,

substantial cancellation). In order to only evaluate the formation and anomalies

with respect to an ahead of the tool signal, the effects of the signal around the

tool can be cancelled by an inversion process. Inversion operations can include

a comparison of measurements to predictions of a model such that a value or

spatial variation of a physical properly can be determined. A conventional

inversion operation can include determining a variation of electrical conductivity

in a formation from measurements of induced electric and magnetic fields'

other techniques, such as a forward model, deal with calculating expected

observed values with respect to an assumed model'

To focus on the ahead of the tool formation properties' measufement of

the signal from around the tool is made to determine properties of the formation

around the tool with contributions from ahead of the tool cancelled to a

maximum extent. The measurements at the tool can be applied to an inversion
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process, where the results of the inversion process are then applied to the

inversion ofthe ahead-of-the-tool signal. Effectively, the tool can be arranged to

operate in two modes: ahead-of-the-tool signal acquisition with significant at-

the-tool cancellation followed by inversion and at-the-tool acquisition with

5 signification ahead-of-the-tool cancellation followed by inversion. The

inversion from the at-the-tool acquisition can be used in the inve¡sion of the

signal from the ahead-of-the-tool signal acquisition. This process enhances

determination of the formation properties ahead of the tool by accounting for the

signal contributions from at the tool not cancelled by selectively activating the

I 0 arrangement of transmitters and receivers.

The arrangement of transmitter antennas and receiver antennas can be

structured along the longitudinal axis of the tool, which is essentially

perpendicular to the cross section ofthe tool corresponding to the cross section

of a collar in a drill string. The arrangement includes the transmitters and

15 receivers spaced apart from each other such that one of the transmitters or

receivers is located nearest the drill bit and a last of the transmitters or receivets

in the arrangement is the farthest from the drill bit. The one tansmitter or

receiver nearest the drill bit can be located as close to the drill bit as possible.

The closer to the drill bit that the arrangement begins, the formation properties

20 farther away ftom the drill bit can be determined. The flrrst anterma may be

placed on a collar behind the drilling motor. Altematively, the first antenna may

be placed on the drilling motor rather than on a collar behind the drilling motor,

In various embodiments, the anangement of transmitter antennas and

receiver antennas can be structured with various separation distances. The

25 separation distance between the different antennas in the arrangement may be 32

inches or less. The separation distance between the different antennas in the

arrangement may be in the range of about l0 feet to about 20 feet' For example,

with a separation distance of 20 feet, an antenna can be placed at the drill bit,

one behind the drill motor, and antennas further behind the drill bit' The

30 antennas (transmitters and receivers) can be strucfured as distributed sensors

along the drill string. The use of 32 inches, I 0 feet, and 20 feet as separation

distances are examples. Other distances can be used for separation of antennas

in the anangement of transmitter antennas and receiver antennas that provide for
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capture of a signal from a first region relative to the tool such that signal

contributions from a second region relative to the tool can be substantially

canceled (are cancelable to a maximum extent) based on the placement of the

transmitter antennas and receiver antennas with respect to each other.

5 In various embodiments, the tool can be operated such that activation of

tansmitter antennas and signal acquisition by receiver antennas is conducted in a

quiet period. such a quiet period can occur when the drill motor is not

operating. This quiet period operation may allow for increased accuracy of the

cancellation process in each of the modes of operation, due to absence of noise

10 from the drill motor. However, the various measurements can be taken during

drilling operations. Furthermore, drilling may be stopped to improve

measurement accuracy. The tool can be operated dynamically with the drill

motor running such that the tool is operated above the noise of the drill motor.

The tool can be operated at 5 kilohertz. For drilling noise at about a kilohertz,

15 tool operation at about 5 kilohertz is sufficientþ above the noise. Operation of

the tool is not limited to 5 kilohertz, but may be operated at other frequencies.

Electromagnetic look ahead-of-the-bit sensors measure the resistivity of

the formations that are about to be crossed by the drill bit in a drilling operation.

These measurements can be useful for guiding the drilling operation into desired

Z0 targets or to identiff potential danger zones that could cause drastic changes in

pressure and, if not properly handled, could compromise the integrity of the

borehole. Conventional electromagnetic sensors in ahead-of-the-bit resistivity

tools measure a combination of direct fields from tansmitting to receiving

sensors and fields due to surrounding formation and anomalies ahead of the bit.

25 These measurements are used with an inversion algorithm to decouple and/or

solve for all parameters. Successful inversion of each parameter in such

conventional tools is dependent on the other parameters and results can be highly

sensitive to noise.

In various embodiments, an optimized sensor design can be realized that

30 can decouple the direct and formation signal from the signal due to the

anomalies ahead of the bit by using a combination of transmitter/receiver

arrangements and collecting and processing a specified combination of received

voltages. Due to the decoupled nature of the measurements, difficulty in an
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inversion stage is significantly reduced, leading to more stable results than with

conventional tools. In addition, each inverted parameter can be less dependent

on the other inverted parameters and less affected by noise. In comparison with

conventional tools and methods, the various processes and tools, as discussed

5 with respect to example embodiments herein, can provide effective decoupled

ahead-of-tool (ahead-of-bit) and formation measurement, effective decoupled

and accurate anisotropic measurements, easier and more stable inversion of

relevant parametets, a greater depth ofdetection in see-ahead applications,

prevention ofdangerous situations such as blow-outs, and enhanced recovery of

10 hydrocarbons.

In various embodiments, a tool can comprise one or mofe of ahead-of-

tool/ahead-of-bit arrangements of ftansmitters and receivers, at-the-tool

arrangements of transmitters and receivers, and anisofropic arrangements of

fiansmitters and receivers for anisotropic measurements, Each sensol element

l5 (i.e., transmitters and receivers) in these arrangements can be realized as a coil

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

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

electromagnetic based sensor. The selected sensors may operate in the

frequency range from about I Hz to about l0 GHz. Other frequency ranges may

20 be used. The positions of transmitters and receivers in various tool arrangements

can be interchanged without affecting the functionality of the tool' The terms

ahead-of-tool and ahead-of-bit are used substantially interchangeably herein, the

ahead-of-tool arrangements being suiøble to determine formation oharacteristics

ahead ofa bit disposed in front (ahead) ofthe tool.

25 Figure 2 shows an example embodiment of an ahead-oÊbit (AoB)

arrangement 205 of atool. AoB arrangement 205 includes an anangement of

transmitters and receivers structured to capture a signal from anomalies ahead of

the tool such that contributions from direct transmitter-to-receiver signals and

formation signals around the tool are cancelable to a maximum extent. Ahead-

30 of-bit anangement 205 includes a first transmitter / receiver pair and a second

transmitter / receiver pair. First transmitter / receiver pair is arranged as a

transmitter antenna 212-l tilTedwith respect to a longitudinal axis 207 of the tool

and a receiver antenna 214-l tilted with respect to longitudinal axis 207 of the
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tool such that transmitter antenna 212-I and receiver antenna 214'l arc

separated by a first distance, dl. The second transmitter / receiver pair is

arranged as a transmitte¡ antenna 212-2 tilted with respect to longitudinal axis

207 of the tool and a receiver antenna 214-2 tilted with respect to longitudinal

5 axis 207 of the tool such that transmitter antenna 212-2 and receiver antenna

214-2 are separated by a second distance, dz. Second distance d2 is equal to the

first distance d1, that is, dr = dz. Though the relationship of individual distances

dr and d2 to each other is set, the individual value dl and dz is not limited to a

specific value.

10 As shown in Figure 2, each antenna can be tilted with respect to

longitudinal axis207 to the same angle. For example, each antenna can be tilted

by 45 degrees. The centers of each antenna may be along longinrdinal axis 207.

Distances dr and d2 can be measured from the centers of the antennas in

accordance with arrangement 205 in Figure 2'

15 In AoB arrangement 205, two measurements can be made' One

measurement includes transmitting a signal from fust transmitter 212'L, T4, ând,

in response, receiving a signal at fîrst receiver 214'1, Rn- The other

measurement includes transmitting a signal from second transmitter 2I2-2,Ts,

and, in response, receiving a signal at second receiver 214-2, Rs. The distances

20 from T¡ to R4, d¡, and from Ts to Rs, d2, are chosen equal, dl:d2, to ensure the

direct transmitter-to- receiver signal and formation signal can be cancelled to a

maximum extent. The same sensor R can be chosen as both Rt and R3, shown

in Figure 2,leadingto a more compact design. V/ith the complex voltage at

receiver 214-l,Ra, due to current at transmittet 272-L, T¡, denoted as Yuu, and

25 with the complex voltage at receiver Rs due to the same current at the

transmitter 212-2, Ts, denoted as Yrnnn, the ahead-of-bit signal can be written as

Yohød-of-bit =Yr¡nt-Vrr* (1)

The nomenclature, O1¡¡.¡, used herein denotes that measureable signal O is the

measureable signal o at receiver \ due to application of another signal at

30 transmitter T¡, where k and j carrvary to reflect different transmitters and

receivers of the tool. For example, O can be realized as a complex voltage.

Figure 3 shows an example embodiment of an at-the-tool (AtT)

arrangement 305 of a tool. AtT arrangement 305 includes an arrangement of
9



transmitters and receivers structured such that signal contributions from

anomalies ahead of the tool are cancelable to a maximum extent. AtT

arrangement 305 includes a first transmitter / receiver pair and a second

transmitter / receiver pair. The first transmitter / receiver pair is arranged as a

5 transmitter antenna 312-7 tiltedwith respect to a longitudinal axis 307 of the tool

and a receiver antenna 314-1 tilted with respect to longitudinal axis 307 of the

tool such that transmitter antenna 312-l is separated from a reference cross-

section 309 ofthe tool by a first distance, d¡, and receiver antenna 3 l4-l is

separated from reference cross-section 309 ofthe tool by a second distance, d2.

l0 The second transmitter / receiver pair is arranged as a transmitte¡ antenrn312-2

tilted with respect to longitudinal axis 307 of the tool and a receiver antenna

3144 tilted with respect to longitudinal axis 307 of the tool such that transmitter

anterura 312-2 is separated from reference cross-section 309 of the tool by a third

distance, d3, and receiver antenna 314-2 is separated from reference cfoss-

I 5 section 309 of the tool by a fourth distance, d¿. The sum ofthe first and second

distances is equal to the sum of the third and fourth distances, i.e., d¡*d2: d¡*ú.

Though the relationship ofindividual distances dl, d2, d3, and d+ to each other is

set, the above sum is not limited to a specific value. Reference closs-section 309

of the tool can be realizedas the frst end of the tool located nearest the drill bit'

20 As shown in Figure 3, each antenna can be tilted with respect to

longitudinal axis 307 to the same angle. For example, each antenna can be tilted

by 45 degrees. Distances d1, d2, d3, and d¿ can be measured from the centers of

the antennas to the drill bit, The centers may be along longitudinal axis 307'

Distances d1, d2, d3, and d¿ can be measured from the centers of the antennas to a

25 reference cross-section ofthe tool that is perpendicular to longitudinal axis 307

in accordance with arrangement 305 shown in Figure 3.

In AtT arrangement 305, two measurements can be made' One

measurement includes transmitting a signal Íìom first transmitter 312-1, Tç, and,

in response, receiving a signal at first receiver 314-1, Rp' The other

30 measurement includes transmitting a signal from second transmitter 312-2,Te,

and, in response, receiving a signal at second receiver 314-2, Rc. With the

distances from transmitters and receivers as d1' d2, fu and d4, as shown in Figure

3, these distances in this example arrangement obey the relation, ù * dz= dt *
10



d4, to ensure a signal from anomalies ahead of the bit is minimized' tilith the

complex voltage at receiver Rp due to curent at hansmitter Tc denoted ãS V7ç¡p'

and with the complex voltage at receiver Rç due to the same current at the

receiver Tn denoted as VTppç, the at-the-tool signal is written as

5 ll"r-the-toot =Yrr* -Vro^" Q)

Figure 4 shows an example embodiment of an arrangement 405 of

transmitters and receivers of a tool applicable for anisotropic measurements.

Arrangement 405 includes an alrangement of transmitters and receivers

structured to capture a signal from around the tool such that a horizontal

10 resistivity signal can be decoupled from a vertical resistivity signal to a

maximum extent. Arrangement 405 of transmitters and receivers includes a pair

411of transmitter antennas and a pair 413 of receiver antermas. Each transmitter

antenna, 412-l and 412-2, of pair 4l I of transmitter antennas is tilted with

respect to a longitudinal axis 407 ofthe tool such that center points ofthe

15 transmitter antennas 412-1 and 412-2 are collocated. One transmitter antenna,

e.g.4l2-l,of the pair 411 of transmitter antennas has the same tilt elevation

angle and the opposite tilt azimuth angle as the other hansmitter antenna' e.g.

4I2-2,of pair 41L Each receiver anten¡a, 414-l and 414-2, of pair 413 of

receiver antennas is tilted with respect to longitudinal axis 407 of the tool such

20 thatcenterpointsofthereceiverantennas 414-Iand414-2are collocated' One

receiver antenna, e.g.414-l,of pair 413 of receiver antennas has the same tilt

elevation angle and the opposite tilt azimuth angle as the other receiver antenna,

e.g.414-2, of pair 413.

As shown in Figure 4, eachanterura of a cross coupled pair of antennas

25 can be tilted with respect to longitudinal axis 407 to the same angle as a

corresponding antenna of the other cross coupled pair. For example,

corresponding antennas can be tilted by 45 degrees orby -45 degrees relative to

longitudinal axis 407. The centers ofthe cross coupledpairs canbe along

longitudinal axis 407. Distances d can be measured from corresponding

30 antennas on the pairs in accordance with arrangement 405 shown in Figure 4'

Distance d is not limited to specific values-

In arrangement 405 applicable for anisotropic measurements, a pair of

tilted coit type antennas can be used for each of the transmitters and receivers,
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where one antenna in the pair has the same tilt elevation angle and the opposite

tilt azimuth angle. As shown in Figure 4, center points of antennas within each

pair are collocated. rwith TE and Tr denoting the transmitting pair and with RB

and R¡ denoting the receiving pair, the horizontal and vertical resistivity signals

5 can be obtained via the following equations:

Vhor¡'on¡ot =Vrrr.t *Vrrw tV,,u *V"u (3)

V,"ní-t =Vru* -Vrru -Vrr* +V,,* (4)

Figures5-Tshowexampleembodimentsofananangementof

transmitters and receivers of a tool applicable for both AoB and AtT

l0 measurements. These arrangements include an arïangement of transmitters and

receivers structured to capture a signal from anomalies ahead of the tool such

that contributions from direct transmitter-to-receiver signals and formation

sigrrals around the tool are cancelable to a maximum extent and structured such

that signal contributions from anomalies ahead of the tool are c¿ncelable to a

l5 maximum extent.

Figure 5 shows an example embodiment of an arrangement 505 of

transmitters and receivers that includes a first transmitter / receiver pafu 517 and

a second transmitter / receiver pair 5 I 9. First hansmitter / receiver pair 5 1 7 is

arranged as a transmitter antenna 512-l tilted with respect to a longitudinal axis

20 507 of the tool and a receiver antenna 5 I 4- I tilted with respect to longitudinal

axis 507 of the tool such that transmitter antenna 512-1 and receiver antenna

514-l are separated by a separation distance d. Second transmitter / receiver pair

519 is ananged as a transmitter antenna 5lZ-2 tlltedwith respect to longitudinal

axis 507 of the tool and a receiver antenna 514-2 tllted with respect to

25 longitudinal axis 507 of the tool such that transmitter antenna 512-2 andreceiver

antenna 514-2 are separated by the separation distance d. First hansmitter /

receiver pair 5 I 7 is separated from second transmitter / receiver pair 5 19 by the

separation distance d. Distance d is not limited to a specifrc value.

As shown in Figure 5, each antenna can be tilted with respect to

30 longitudinal axis 507 to the same angle. For example, each antenna can be tilted

by 45 degrees, The centers of the anteruras may be along longitudinal axis 507.
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Distance d can be measured from corresponding locations on each of the

antennas in accordance with arrangement 505 shown in Figure 5.

with yAoB denoting the complex-valued ahead-of-bit signal and vn,,

denoting the complex-valued at-the-tool signal, measurements made with

5 arrangement 505 can be expressed as

VÅou =Vrro, -Vrr^, (5)

Vn,, =Vrr^r-Yrr.^, (6)

Equation (5) effectively provides a significantly isolated AoB signal. Equation

(6) effectively provides a significantly isolated AtT signal'

10 Figure 6 shows an example embodiment of an arrangement 605 of

transmitters and receivers of a tool. Arrangement 605 includes a transmitter /

transmitter pair 6l I and a receiver / receiver pair 61 3 . Transmitter / transmitter

pair 611 is arranged as a first transmitter antenna 612-l separated from a second

transmitter antenna 612-2by a first disønce, s. Both transmitter antennas 612-1

15 and 612-2 are tilted with respect to a longitudinal axis 607 of the tool. Receiver /

receiver pair 613 is arranged as a first receiver antenna 614-1 separated from a

second receiver antenna 614-2by the first distance, s. Both receiver antermas

614-l and 614-2 are tilted with respect to longitudinal axis of the tool 607'

Transmitter / transmitter pair 611 is separated from the receiver / receiver pair

Z0 613 by a second distance, d, Distances s and d are not limited to specific values.

As shown in Figure 6, each antenna can be tilted with respect to

longitudinal axis 607 to the same angle. For example, each antenna can be tilted

by 45 degrees. The centers of the antennas may be along longitudinal axis 607'

Distances s and d can be measured from corresponding locations on eaoh of the

25 antennas in accordance with arrangement 605 shown in Figure 6.

Measurements made with arrangement 605 can be expressed as

Vno" =Yrr^, -Vrr^, (7)

Vn,r =Vrr^r. -Yrr^, (8)

Equation (7) effectively provides a significantly isolated AoB signal. Equation

30 (8) effectively provides a significantly isolated AtT signal'

Figure 7 shows an example embodiment of an anangement 705 of

transmitters and receivers of a tool. Arrangement 705 includes a first transmitter
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/ transmitter pairTTl-1, a second transmitter / transmitter paiú7ll-1, and a

receiver / receiver pa ir 713. First transmitter / transmitter pair 71 1-1 is arranged

as a first transmitter antenna 712-l separuted from a second transmitter antenna

712-2by a first distance, s. Both transmitter antennas 712-l and7l2-2 arettlted

5 with respect to a longitudinal axis 707 of the tool' Second hansmitter /

transmitter pair 7ll-2 is ananged as a third transmitter antenna 712'3 sepatated

from a fou¡th transmitter antenna 712-4by the first distance, s. Both transmitter

antennas 712-3 and7124 are tilted with respect to longitudinal axis 707 of the

tool. Receiver / receiver pafu 7 13 is arranged as a first receiver antenna 7 l4-1

l0 separated from a second receiver anterura 714-2by the first distance, s' Both

receiver antennas 714-l and.7l4-2 are tilted with respect to longitudinal ans707

of the tool. Receiver / receiver pair 713 is disposed between first transmitter /

transmitter pairTll-l and second transmitter/ transmitter pairTll-1 suchthat

the receiver / receiver pafi 713 is separated from first transmitter / transmitter

1 5 pair 711 - I and from second transmitter / transmitter pair 7 1 I-2 by a second

distance, d. Distances s and d are not limited to specific values.

As shown in Figure 7, eachantenna can be tilted with lespect to

longitudinal axis 707 to the same angle. For example, each antenna can be tilted

by 45 degrees. The centers of the antennas may be along longitudinal axis 707.

20 Distances s and d can be measured from corresponding locations on each of the

antennas in accordance with arrangement 705 shown in Figure 7.

Measurements made with arrangement 705 can be expressed as

/nort =Vrr^, -Vrr^, (9)

VnoB, = Yrr^, -Vro^, (10)

25 Vn,r, =Vrr*, -Vrr^, (1 l)

YA,rz =Vro^, -Vrr^, (12)

Equations (9) and 10 effectively provide a significantly isolated AoB signal'

Equations (11) and (12) effectively provide a significantly isolated AtT signal.

Arrangements 505, 605, and 705 of Figures 5, 6, and 7, respectively, or

30 similar arrangements such as with positions of transmitter sensols and receiver

sensors interchanged, that feature both ahead-of-bit and at-the-tool

measurements can produce a compact tool. A¡rangement 705 can be utilized to
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make two sets of measurements when compared to arrangement 605 and

arrangement 505, at the expense of two additional sensols'

Figures 8 and 9 show example embodiments of arrangements of

transmitters and receivers of tools applicable for AoB and AtT anisofopic

5 measurements. Figure 8 shows an example embodiment of an arrangement 805

of transmitters and receivers that includes a first pair 811-1 of transmitter

antennas, a second pair 8l l-2 of transmitter antennas, a first pair 813-1 of

receiver antennas, and a second pair 8 I 3-2 of receiver antennas. Each

transmitter antenna 812-l and 812-3 of first pair 811-l of transmitter antennas is

10 tilted lr/ith respect to a longitudinal axis 807 of the tool such that center points of

the hansmitter antennas I 12- I and 8 l2-3 of first pair 8l 1-1 of transmitter

antennas are collocated. One transmitter antenna, for example 812-7, of first

pair 811-1 of transmitter antennas has the same tilt elevation angle and opposite

tilt azimuth angle as the other transmitter antenna, for example 812-3, of first

l5 pair811-l oftransmitterantennas. Eachtransmitteranterura 812-2andBl2-4of

second pair 811-2 of transmitter antennas is tilted with respect to longitudinal

axis 807 of the tool such that center points of the tansmitter antennas 812-2 and

812-4 of the second pair of transmitter antennas are collocated. One transmitter

antenna, for example 812-2,of second pair 811-2 of transmitter antennas has the

20 same tilt elevation angle and opposite tilt azimuth angle as the other transmitter

antenna, for example }lZ- ,of second pair 811-2 of transmitter antennas'

Each receiver antenna 8 I 4-l and 8 I 4-3 in first pair 8 1 3-1 of receiver

antennas is tilted with respect to longitudinal axis 807 of the tool such that center

points ofthe receiver antennas 814-1 and 814-3 offirstpair 813-1 are collocated'

25 One receiver antenna, for example 814- I of first pair 8l 3- 1 of receiver antennas

has the same tilt elevation angle and the opposite tilt azimuth angle as the other

receiver antenna, for example 814-3, offirst pair 813-1 of¡eceiver antennas'

Each receiver antenna 814-2 and 814-4 in second pair 813-2 of receiver antennas

is tilted with respect to longitudinal axis 807 of the tool such that center points of

30 the receiver anter¡las 814-2 anð.814-4 of second pair 813-2 ate collocated. One

receiver antenna, for example 814-2, of second pair 813-2 of receiver antennas

has the same tilt elevation angle and the opposite tilt azimuth angle as the other

receiver antenna, for example 814-4, of the second pair 813-2 of receiver
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antennas. Firstpair 813-1 ofreceiver antennas is separated from frrstpair 811-1

of transmitter antennas by a separation distance, d. Second pair 811-2 of

transmitter antennas is separated from first pair 813-1 of receiver antennas by the

separation distance, d. Second pair 8 I 3 -2 of receiver antennas is separated from

5 second pair 811-2 of transmitter antennas by the separation distance, d- Distance

d is not limited to specific values. First pair 813-l of receiver antennas is

disposed between first pair 8 I 1- I of transmitter antennas and second pair 8l I -2

of transmitter antennas.

As shown in Figure 8, each antenna of a cross coupled pair of antennas

l0 can be tilted with respect to longitudinal axis 807 to the same angle as a

corresponding antenna of the other cross coupled pairs. For example,

corresponding ant€nnas can be tilted by 45 degrees orby -45 degrees relative to

longitudinal axis 807. The centers ofthe cross coupledpairs canbe along

longitudinal axis 807 in accordance with anangement 805. Distances d can be

15 measured from corresponding antennas on the pairs in accordance with

arrangement 805 shown in Figure 8.

Arrangement 805 provides a structure that features ahead-of-bit, at-the-

tool, and anisOtropic measurements. In such an alrangement, a vertical and a

horizontal measurement are available so that formation anisotropy information

Z0 can be effectively obtained. Measurements associated with arrangement 805 can

be expressed as follows

T,nouh =Vrr^, *Vrr^, *Vrr^, *V,t^, -V"^' -V"^o -V'o^' -V'o^o (13)

Vnor, =Vrr^, -Vrr^, -Yrrr, 1Vr.^, -V"^' !V""n *Y'oo' -V'n^o (14)

V,q,r¡ = Vrr^r iVrr^o * Vrt*r r Vrr^o - Vrrn, -Vrr^, -Yro^r -Yro^, (15)

25 VA,r, = Yrr^, -Vrr^o -Vrr^, *Vrr^o -Vrro, *Yrr^, *Vro^, -Yro^. (16)

where the h in the subscript refers to horizontal related signals and the v in the

subscript refers to vertical related signals. Equation (1 3) effectively provides a

significantly isolated horizontal resistivity Rr, bed signal. Equation (14)

effectively provides a significantly vertical resistivity isolated R' bed signal.

30 Equation (15) provides a significantly isolated horizontal resistivity Rn direct

signal. Equation (16) provides a significantly isolated vertical resistivity Ru

direct signal.
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Figure 9 shows an example embodiment of an arrangement 905 of

transmitters and receivers of a tool. Arrangement 905 includes a first pair 911-1

of transmitter antennas, a second pair 9ll-2 of transmitter antennas, a first pair

913-l ofreceiver antennas, and a second paft 913-2 ofreceiver antennas. Each

5 ftansmitter antenna 912-l and9l2-3 of first pair 911-l of transmitter antennas is

tilted ïvith respect to a longitudinal axis 907 of the tool such that center points of

transmitter antemas 9I2-l and912-3 of first pair 9l l-1 of transmitter antennas

are collocated. One transmitter antenna, for example 912-1, of first pair 911-l of

hansmitter antennas has the same tilt elevation angle and the opposite tilt

I 0 azimuth angle as the other transmitter antenna, for example 912'3, of first pair

9 1 1 - 1 of transmitter antennas. Each transmitter antenna 9 l2-2 and 9 124 of

second pair 9l I -2 of transmitter antennas is tilted with respect to longitudinal

axis 907 of the tool such that center points of the transmitter antenna s 912-2 and

912-4 of second pair 913-2 of tansmitter antennas are collocated. One

l5 üansmitter antenna, for example 972-2, of second pair 911-2 of transmitter

antennas has the same tilt elevation angle and the opposite tilt azimuth angle as

the other transmitter antenna, for example 912-4, of second pair 9l I-2 of

transmitter antennas. Second pairgll-2 of hansmitter antennas is separated

from first pafu 911-1 of transmitter antennas by a first distance, s.

20 Eachreceiver antenna 914-i and 914-3 offirstpair 913-1 ofreceiver

antennas is tilted with respect to longitudinal axis 907 of the tool such that center

points of the receiver antennas 914-l and914-3 of first pair 913-1 of receiver

antennas are collocated. One receiver antenna, for example 914-I, of first pair

913-1 of receiver antennas has the same tilt elevation angle and the opposite tilt

25 azimuth angle as the other receiver antenna, for example 914-3, of first pair 913-

1 ofreceiver antennas. Each receiver antenna 914-2 and 914-4 ofsecond pair

913-2 of receiver antennas is tilted with respect to longitudinal axis 907 of the

tool such that center points of the receiver antennas 914-2 and 9 1 4-4 of second

pair 913-2 of receiver antennas are collocated. One receiver antenna, for

30 example gl4-2,of second pair 913-2 of receiver antennas has the same tilt

elevation angle and the opposite tilt azimuth angle as the other receiver antenna,

for example 913-4, of second pair 913-2 of receiver antennas. Second pair 913'2

ofreceiver antennas is separated from first pair 913-l ofreceiver antennas by the
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first distance, s. First pair 913-l and second pairl 913-2 of receiver antennas are

separated from first pair 9 1 1 - I and second pair 9ll -2 of transmitter antermas

such that neither of pairs 913-l and 973-2 of rcceiver antennas are placed

between pairs 911-1 and 9l l-2 of transmitter antennas'

5 As shown in Figure 9, each antenna of a cross coupled pair of antennas

can be tilted with respect to longitudinal axis 907 to the same angle as a

conesponding antenna of the other cross coupled pairs. For example,

corresponding antennas canbe tiltedby 45 degrees orby -45 degrees relative to

longitudinal axis 907. The centers of the cross coupled pairs can be along

10 longitudinal axis 907 in accordance with arrangement 905 shown in Figure 9.

Distances s and d can be measured from corresponding antennas on the pairs in

accordance with arrangement 905. Distances s and d are not limited to specific

values.

Arrangement 905 provides a structure that features ahead-oÈbit, at-the-

15 tool, and anisohopic measurements. In such an arangement, a vertical and a

horizontal measurement are available so that formation anisotropy information

can be effectively obtained. Measurements associated with anangement 905 can

be expressed as follows

V,tosh =Vrr^, *Vrr^, *Yrr^, lVrro, -Yrr^, -Yrr^, -Vro^, -Vro^, 07)

20 Ynoou =Vrr^, -Vrr^, -Yrr^, *Yrr^, -Vrr^, lVrr^, *Vro^, -Vro^, (18)

Vn,rn =Vrr^, +l/rr^o *Vrr^, *Vrr^o -Vrr^, -Vrr^, -Vro*, -Vro^, (19)

V,o,Tu =Vrr^r, -Yrr^o -Vr,^' *V"*o -V"^' *V"^' l('o^' -V'o*' Q0)

Equation (17) effectively provides a significantly isolated R¡ bed signal.

Equation (18) effectively provides a significantly isolated R" bed signal.

25 Equation (19) provides a significantly isolated R.h direct signal. Equation (20)

provides a significantly isolated R' direct signal'

Figures l0A-B show example embodiments of an arrangement of

transmitters and receivers of a tool applicable for compensated AoB

measurement.

30 Figure 104 shows an example arrangement 1005 of transmitters and receivers

that includes a first transmitter antenna 1012-1, a second transmitter anteilla

l0l2-2,a third transmitter antenna l0l2-3, a first pair 1013-l of receiver
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antennas, and a second pair 1013-2 ofreceiver antennas. Each offirst

transmitter antenna 1012-1, second transmitter antenna 1072-2, and third

transmitter antenna l0l2-3 are tilted with respect to a longitudinal axis 1007 of

the tool.

5 Each receiver antema l0l4-1 and l0l4-2 of firstpair 1013-l of receiver

antennas is tilted with respect to longitudinal axis 1007 of the tool. Receiver

antennas 1014-1 and l0l4-2 offirst pair 1013-l ofreceiver antennas are

separated from each other by a first distance, s. First pair 1013-1 ofreceiver

antennas is disposed between first transmitter antenna 10I2-l and second

l0 transmitter antenna l0I2-2 and separated from both first hansmitter antenna

l}l2-l and second transmitter antenna l0l2-2 by a second distance, d.

Each receiver antenna 1014-3 and I014-4 ofsecond pair 1013-2 of

receiver antennas is tilted with respect to longitudinal axis 1007 of the tool'

Receiver antennas 1014-3 and 1014-4 ofsecond pair 1013-2 ofreceiver antennas

1 5 are separated from each other by the first distance, s' Second pair 1013-2 of

receiver antennas is disposed between second transmitter antenna I0l2-2 and

third transmitter antenna l0l2-3 and separated from both second transmitter

antenna l0l2-2 and thild transmitter antenna l0l2-3 by second distance, d'

As shown in Figure 104, each antenna can be tilted with respect to

20 longitudinal axis 1007 to the same angle. For example, each antenna can be

tilted by 45 degees. The centers of the antennas may be along longitudinal axis

1007. Distances s and d can be measured from corresponding locations on each

of the antennas in accordance with arrangement 1005 shown in Figure 10'

Distances s and d are not limited to specific values.

25 Arrangement 1005 provides a structure to make a compensated AoB

measurement. A compensated AoB measurement is directed at relative strengths

of signals to provide a significantly isolated AoB signal. The measurements can

be taken to generate a ratio that provides a compensation ratio for the AoB

signal. Generating an AoB compensation ratio provides measurements that do

30 not require amplitude and phase calibration in the sensors (transmitters and

receivers) of arrangement 1005. AoB compensation ratio, c¡oB, can be

generated as
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9ÀoB -
(Y,,^, -Yrroo -Yrr^o +vr^r,)(vr2R2 -Vr"o^)
(Vrr^, - Vrr^, -Yrr^, * Yrr^")(Yrr^, - Vrr^o) (2t)

Figure 108 shows an example embodiment in arrangement 1005 in

5 which subtraction and addition operations in Cnoe calculations can be pefformed

electrically, These electrical opefations reduce noise and allow larger dynamic

range in measurements. Lines denote electical connections whefe plus is a

staight corutection and a minus is a connection with inverted polarity with

respect to the plus connection. That is, a + connection is 1 80 degree out ofphase

l0 with a - connection in transmitted (in the case of fransmitters) signals and in

received (in the case ofreceivers) signals.

Figures l lA-B show example embodiments of an afangement of

hansmitters and feceivers of a tool applicable for compensated AtT

measurement.

15 Figure I lA shows an example arrangement 1105 of transmitters and receivers

that includes a first receiver antenna 1 1 l4-1, a second receiver antenna llI4-2, a

third receiver antenna lll4-3, a first pair I 11 l-1 of transmitter antennas, and a

second pair 1 I 1 1-2 of hansmitter antennas. First receiver antenna 1 I 14-l '
second receiver antennal I l4-2, andthird receiver antenna 1ll4-3 can be

Z0 configured as a group I 1 13 ofreceiver antennas. First receiver antenna lIl4'I

is tilted with respect to a longitudinal axis I 107 of the tool. Second receiver

antenna lll4-2 is tilted with respect to longitudinal axis I 107 of the tool, and

second receiver antenna llI4-2 is separated from first receiver antenna 1ll4-l

by a first distance, s. Third receiver antenna I I l4-3 is tilted with respect to

25 longitudinal axis 1107 of the tool, and third receiver antenna l l l4-3 is separated

from second receivef antenna lll4-zby the first distance, s. Group 113 is

separated from first fiansmitter pair l l l l-1 by a second distance, d.

Each transmitter antenna 1 | l2-l and I I l2-2 of firslpair of hansmitter

antennas 1111-l is tilted with respect to longitudinal axis I107 of the tool.

30 Transmitterantennas lll2-l and 1ll2-2of firstpair llll-1 oftransmitter

antennas are separated from each other by the fi¡st distance, s. Each transmitter

antenna ll12-3 and 1112-4 of secondpair llll-2 of transmitterantennas is

tilted with respect to longitudinal axis 1107 of the tool. Transmitter antennas
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lll¡-3 and 1112-4 of second pair lIIl-2 of transmitter antennas is separated

from each other by the first distance, s. Group 113 is separated from second

transmitter pair 1 1 I l-2by second distance, d. Second pair I I I 1-2 of hansmitter

antennas is separated from first pair 1l l1-l of hansmitter antennas by the first,

5 second, and third receiver antennas.

As shown in Figure 1lA, each antenna can be tilted with respect to

longitudinal axis 1107 to the same angle. For example, each antenna can be

tilted by 45 degrees. The centers of the antennas may be along longitudinal axis

1107. Distances s and d can be measured from corresponding locations on each

10 of the antennas in accordance with arrangement I105 as shown in Figure 11'

Distances s and d are not limited to specific values.

Arrangement 1105 provides a structure to make a compensated AtT

measurement. A compensated AtT measurement is directed at relative strengths

of signals to provide a significantþ isolated AtT signal. The measurements can

15 be t¿ken to generate a ratio that provides a compensation ratio for the AtT signal.

Generating an AtT compensation ratio provides measurements that do not

require amplitude and phase calibration in the sensors (transmitters and

receivers) of arrangement I 105. AtT compensation ratio, C¡¡1, côll be generated

as

20
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Figure 118 shows an example embodiment in arrangement 1005 in

which subhaction and addition operations in Cntr calculations can be performed

electrically. These electrical operations reduce noise and allow larger dynamic

range in measurements. Lines denote electrical connections where plus is a

straight connection and a minus is a connection with inverted polarity with

respect to the plus connection. That is, a * co¡rnection is 180 degree out ofphase

with a - connection in transmitted (in the case of transmitters) signals and in

received (in the case ofreceivers) signals.

Tools similar to or identical to those discussed with respect to Figures 1-

l lB can be used to obtain measurements to determine formation properties

ahead of the tool in which acquired signals can be optimized with respect to
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regions ahead ofthe tool and at the tool such that contributions from one region

relative to the other region can be canceled, at least to a maximum extent based

on placement of sensors relative to each other and sensor orientation. With the

tool affixed relative to a drill bit of a drilling operation, ahead of the tool is the

5 region ahead of the drill bit. The cancellation can be rcalized through

subtraction and addition operation on the signals acquired in the measurement.

Since the acquired signals are based on propagation through material formations,

the measured values of these signals are in part a function of the material

formation. Inversion processes provide a mechanism to relate the measured

10 signals to the properties of the material that affects the signal ultimately received

at the sensors of the tool.

Subtraction and addition operations that are applied on the signals can be

performed as a post-processing step after obtaining all voltages individually.

This post processing can be conducted according to the relevant expressions

15 shown in equations l-22 corresponding to the particular tool arrangement used.

Subkaction and addition operations can also be performed by electrically

connecting the sensors and adjusting the direction of current flow accordingly.

For an example, in arrangement 505 of Figure 5 and in arrangement 805 of

Figure 8, subtraction operation VTtst-Vr2,.t,used inthe equations corresponding

20 to these arrangements, can be realized by applying the same amount of current in

opposite directions on T1 and T2 simultaneously and measuring the voltage at

Rl at once. This electrical approach eliminates some of the synchronization

problems that may accompany separated measurements. In addition, this

simultaneous activation and measurement process can ¡educe noise due to

25 mismatch in operation of T1 and T2. Such an electrical process may be crucial

in sensing ahead-of-the-bit anomalies, where noise level is the deciding factor on

depth of detection. This electrical process may also provide enhanced

performance in low frequency operation, where the direct signal (transmitter to

receiver) is expected to be much larger when compared to the signal from target

30 anomalies ahead of the drill bit.

Figure 12 shows an embodiment of an example process flow for

inversion in which an arrangement of sensors is used for isotropic

measurements. At 1232-l and 1232-2,the ahead-of-bit signal and the at-the-tool
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signal are extracted by subtracting the appropriate voltages associated with the

tool implemented. An at-the-tool signal, having a complex value, mostly

consists of a combination of direct and formation signals, In many instances,

most of the imaginary part is comprised of the direct signal, while most of the

5 real part is comprised of the formation signal. As a result, the real part of the at-

the-tool signal can be effectively used to produce the formation resistivity

directþ, or through an iterative inversion procedure where it is used as an initial

value. If a forward model is available to simulate a formation signal, an

anomaly signal inversion can be performed via iterative optimization. Sigrrals

l0 can be typically panmeteized by depth, d, and elevation angle, 0'

Alternatively, a library of pre-compiled responses can also be used in inversion.

Library 1234-l can be used with an ahead-of-bit signal, where library

I234-l includes data on resistivities of anomalies fu, depth d, and elevation

angle 0, relative to various responses. Library 1234-2 can be used with an at-

15 the-tool signal, where library 1234-2 includes data on formation resistivities,

relative to various responsss. Since the at-the-tool signal is mostly decoupled

from anomaly effects from ahead of the bit, and the ahead-of-bit signal is

decoupled from resistivity effects around the tool, both signals are expected to

yield more accurate inversion results that are less affected by each-other and also

ZO less affected by noise. Due to effective cancellation of the direct signal in the

ahead-of-bit signal, a higher depth ofdetection is expected in the see-ahead

determination. Data from library L234-2 can be applied to the at-the-tool signal

to perform inversion 1236 genennng the formation resistivity, Rr, for the drilling

operation in progless. The currently determined formation resistivity Ri can be

25 applied to the ahead-of-bit signal along with dat¿ from library 1234-1to perform

inversion 1238 generating the anomaly resistivity R", depth d, and elevation

angle 0 along with the formation resistivity Rr for the drilling operation in

progress.

In various embodiments, an inversion process may be conducted on

30 compensated coefficients as given in equations 2I and22. Libtary 1234-2may

contain data such that Cnrr can be operated on in an inversion process to provide

the formation resistivity Rr for the dritling operation in progress. Library 1234-l

may contain data such that Cnos can be operated on in an inversion process using
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R¡from the inversion operation on cntr to provide the anomaly resistivþ R",

depth d, and elevation angle 0 along with the formation resistivity Rrfor the

drilling operation in progress'

The analysis results can be stored in machine-readable storage medium

5 integrated with the tool or located along the drill shing and coupled to the tool'

The analysis results canbe transmitted to the surface via a communication

interface and communication mechanism established in the drilling operation,

for example ,via atelemetry system. Alternatively, the data can be transmitted

to the surface for analysis. The machine-readable storage medium can include

l0 libraries 1234-l and 1234-2 as separate entities or integrated entities. The

machine-readable storage medium can include libraries for anisotropic data

along with libraries 1334-l and 1334-3 as separate entities or integrated entities'

Such machine-readable storage medium can be realized as a distributed memory

system. Upon observing the changes in the resistivity, drastic changes in the

l5 pressure ahead ofthe bit can be detected and appropriate action canbe taken to

prevent blow-outs. These changes can be monitored such that automatic alerts

may be generated. The results from the various embodiments for a methodology

to detect the environment ahead of a drill bit can also be applied to intercept or

avoid other wells or well branches. The results may be used to steer the drilling

20 operation.

Figure 13 shows an embodiment of an example process flow for

inversion in which an arangement of sensors is used for anisotropic

measurements. Here, as can be seen from equations 13-20, T¡' is used to denote

the transmitte¡ sensor associated with transmitter sensor Ta in a pair and the use

25 of , is made similarly for other sensors. For example, in equation (13), A and

A' are 1 and 3, respectively, and B and B' are 2 and 4, respectively. For the

anisotropic situation, horizontal and vertical signals are obtained for both ahead-

of-bit and at-the,tool measurements. In order to obtain the horizontal tool

measurement, the voltage combinations described in equations (13), (15)' (17),

30 and (19) can be used. In order to obtain the vertical tool measurement, the

voltage combinations described in equations (14), (16), (l 8), and (20) can be

used. Anisotropic at-the-tool measurements can be effectively used to obtain

formation horizontal and vertical resistivity, while the anisotropic ahead-of-bit
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measufement can be effectively used to obtain elevation angle and distance to a

target anomaly. The inversion can be carried out similar to the isohopic case.

At 1332-l' 1332-2,1332-3, and' 1332-4, the horizont¿l ahead-of-bit

signal, the vertical ahead-of-bit signal, the horizontal at-the-tool signal, and the

5 vertical at-the-tool signal are extracted, respectively, by subtracting the

appropriate voltages associated with the tool implemented. Library 1334-l can

be used with the horizontal and vertical ahead-of-bit signals, where library 1334-

I includes data on horizontalresistivities R¿ and vertical resistivities R"u of

anomalies, depth d, and elevation angle 0, relative to various responses' Libtary

l0 1334-2can be used with an at-the-tool signal, where library 1234-2 includes data

on formation horizontal resistivities Rm and formation verfical resistivities R¡,

relative to various responses. Data from library 1334-2 can be applied to the

horizontal and vertical at-the-tool signals to perform inversion 1336 generating

the horizontal resistivity Rnr and formation vertical resistivity R¡n for the drilling

15 operation in progress. The currently determined horizontal resistivity R¡ and

formation vertical resistivity R¡, can be applied to the horizontal and vertical

ahead-of-bit signals along with data from library I334-l to perform inversion

1338 generating the horizontal resistivity R ¡, and vertical resistivity Rov of an

anomalies, depth d, and elevation angle 0 along with the horizontal resistivity R¡,

20 and formation vertical resistivity Rn, for the drilling operation in progress.

The analysis results of the anisotropic measurements can be stored in

machine-readable storage medium integrated with the tool or located along the

drill string and coupled to the tool. The analysis results can be transmitted to the

surface via a communication interface and communication mechanism

25 established in the drilling operation, for example, via a telemetry system.

Altematively, the data can be transmitted to the surface for analysis. The

machine-readable storage medium can include libraries 1334-l and 1334-2 as

separate entities or integrated entities. The machine-readable storage medium

can include libraries 1234-1, 1234-2,1334-I, and 1334-2 as separate entities or

30 integrated entities. Such machine-readable storage medium can be realized as a

distributed memory system. Upon observing the changes in the resistivity,

drastic changes in the pressure ahead ofthe bit can be detected and appropriate

action can be t¿ken to prevent blow-outs. These changes can be monitored such
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that automatic alerts may be generated. The results from the various

embodiments for a methodology to detect the environment ahead of a drill bit

can also be applied to intercept or avoid other wells or well branches' The

results may be used to steer the drilling operation'

5 Figure 14 shows features of an embodiment of a method 1400 of using a

tool to effectively optimize determination of formation properties ahead of a tool

operativeþ disposed in a borehole. Method 1400 can be implemented such that

it may include various of the features of the prccess flows discussed with respeot

to Figures !2 and 13. At 1410, controlled activation of a tool downhole in the

l0 well is conducted. The tool can be structured having an aÍangement of

hansmitters and receivers to capture a signal from a first region relative to a

longitudinal axis of the tool such that signal contributions from a second region

relative to the longitudinal axis are cancelable, based on placement of the

transmitters and receivers with respect to each other. The tool can be realized

l5 using features and associated processing activities similar to or identical to

features of the tools discussed with respect to the Figures herein and their

associated processing activities. Control of the activation of the tool can include

elechically applying signals to transmitters of the tool in correlated magnitudes

andpolaritytoperform subtraction and/oraddition operations. Control ofthe

Z0 activation of the tool can include applying curent to two different transmitters of

the tool simultaneously such that the current applied to one of the two

transmitters is of the same amount and of opposite direction as in the other

fiansmitter.

At l420,an ahead-of-bit signal is obtained. The acquisition can be

25 conducted such that contributions from direct fiansmitter-to-receiver signals and

formation signals around the tool are cancelable to a first extent. At 1430, an at-

the-tool signal is obtained. The acquisition can be conducted such that signal

contributions from anomalies ahead of the tool are cancelable to a second extent'

At 1440, an inversion operation of the at-the-tool signal is performed'

30 Such an inversion can be conducted to determine a property of the formation

around the tool. Performing an inversion operation of the at-the-tool signal can

include determining formation resistivity from around the tool. At 1440, an

inversion operation of the ahead-of-bit signal is performed using the determined
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property r€sulting from performing the inversion of the at-the-tool signal. Such

an inversion can be conducted such that performing the inversion of the ahead-

of-bit signal generates one ot more formation related properties ahead of the

tool. Performing an inversion operation of the ahead-of-bit signal using the

5 determined propefy can include determining resistivity from anomalies ahead of

the tool. Performing an inversion operation of the ahead-of-bit signal using the

determined properly can include applying a forward model subjected to an

iterative process. Performing the inversion of the at-the-tool signal can include

obtaining horizontal resistivity and vertical resistivity of a formation and

l0 performing of the inversion of the ahead-oÊbit signal can include obtaining

elevation angle and distance to an anomaly.

In various embodiments, results from the generation of one or more

formation related properties ahead of the tool using a method similar to o¡

identical to method 1400 can bs used to effect dynamic management of a drilling

l5 operation. Such results can be used to monitor resistivity from ahead of a drill

bit and to correlate resistivity changes to changes in pressure ahead ofthe drill

bit, determined from the monitoring. Results from the generation of one or more

formation related properties ahead of the tool can be applied to steer a drilling

operation. Steering a drilling operation allows for directing the drill operation to

ZO a desired region and away from unfavorable regions. A drilling operation can be

stopped to make measurements using a tool confrgurable to be similar to or

identical to the tools as discussed herein.

In various embodiments, a special configuration of sensor arrays and

processing algorithms can be utilized to decouple signals associated with

25 anomalies ahead of the drill bit from formation resistivity and the direct sigrral.

In comparison to conventional anaþsis techniques, these decoupled signals may

be more effectively used in inversion algorithms and they also may allow larger

depth of detection. These processing schemes in conjunction with the special

configurations of sensor arïays can be realizedusing simple addition and

30 subtraction operations, which can be implemented as a part of electrical circuits.

Such implementation can allow for elimination of some of the noise associated

with data acquisition and can lead to significant increase in the dynamic range.
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In anisotopic situations, various tools and corresponding inversion

techniques, as discussed herein, can measure horizontal and vertical formation

resistivity values. As opposed to conventional tools used for making similar

measurements, both of these measurements can be made from collocated

5 sensors, as shown in Figures 4, 8 and 9 for example, and such measurements are

expected to produce more stable and consistent results, such as in calculating the

dip angle of the formation. The various tools and associated processing schemes

described herein may aohieve earlier and more reliable warnings in avoiding

dangerous situations such as blow-outs than may be provided by conventional

10 tools. The various tools and associated processing schemes described herein

may also facilitate accurate and deep evaluation of layers in the formation.

Figure 15 shows a test setup of a tool 1500 with lespect to two layers

1501 and 1503. Layer 1501 is a formation with resistivity Rf-20o and layer

1503 is a horizontal bed with resistivity Ru:lo. The true vertical depth is

15 measured from the bed boundary as shown in Figure 15. Tool 1500 having

arrangement 505 of Figure 5 is used with a 32" separation between the sensors,

elevation 0=0o, and a frequency F10 KHz' The depth of the tool is measured

from its lowest sensor T¡. Figure 15 shows example separations and operating

frequency. Other frequencies can be used and other separation distances for

20 arrangement 505 can be used.

Figures 16-19 show logging data and inversion results associated with

the test setup of Figure 15. Figures 16 and 17 show an amplitude ratio

lVrrnrAy'rrnzl and phase difference þhase (Vrlnr) - phase (Vrrnz)) that are

employed in a conventional LWD tool. It can be seen from these figures that

25 amplitude ratio and phase difference are affected not only by the resistivity at the

tool location but also by the layer boundary ahead of the bit. It can be concluded

that effects of formation resistivity and anomalies ahead of the bit are coupled in

conventional signals used in the conventional LWD. As a result, for the

conventional process, calculation of formation and anomaly palameters ale

30 usually performed by a multiple-layer inversion algorithm that utilizes multiple

logging points.

Figure l8 shows the ahead-of-bit and at-the-tool signals associated with

the test setup of Figure 15. Curve 1841 shows the real component of the Vros
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signal and curve 1842 shows the imaginary component of the v¡os signal.

Curve 1843 shows the real component of the Vntr signal. As it can be seen in

Figure 18, the ahead-of-bit signal is only affected by the plesence ofthe layer

and decreases exponentially as the tool moves away from the boundary.

5 Similarþ, the at-the-tool signal is only affected by the resistivity value in

between the lowest and highest sensors of the tool and it is not sensitive to the

presence of the layers ahead of the bit. An accurate measurement of formation

resistivity can be made by using the at-the-tool signal even when the tool is very

close to the layer boundary. For example, Figure 19 shows an inverted

10 resistivity obtained via a single layer inversion on the real part of the at-the-tool

signal. Even though no shoulder bed correction is applied, the result is not

affeoted by the presence of a layer that is ahead ofthe bit, due to the decoupling

effect of processes shown in Figures 12-14 with respect to sensor arrangement

505 or other sensor arrangements associated with Figures 1-11. It is noted here

I 5 that results are still affected by the presence oflayers that are crossing the tool,

i.e., crossing the lowest sensor at r0 feet and highest sensor at 18 feet of the

tool.

Figures 20-23 show logging data and inversion results of a test setup with

5 layers, which have different resistivities, using tool 1500 of Figure 15. The

20 resistivity of each of the 5 layers is shown in Figures 20-23. Figures 20 a¡dZI

show an amplitude ratio lVsnrAhl¡21 and phase difference (phase (Vrlnr) -
phase (Vrrnz)) that is employed in a conventional LWD tool. It can be seen from

these plots that locations oflayer boundaries and resistivity values associated

with layers cannot be shaightforwardly obtained without an inversion algorithm

25 that incorporates the shoulder effects

Figure 22 shows the ahead-of-bit and at-the-tool signals of arrangement

505 of Figure l5 and its associated processing as discussed. In Figure 22, it can

be seen that individual layers can easily be identified in the real part2243 of íhe

at-the-tool signal as flat regions. Moreover, layer boundaries can be identified as

30 the maximums of the ahead-of-bit signal having real part 2241and imaginary

part2242.

Figure 23 shows the inverted resistivity values obtained by applying a

single layer inversion on the at-the-tool signal. Even though no correction is
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used fo1 shoulder effects (no multþleJayer inversion is used), resistivity of

individual layers can be extracted with high accufacy due to the decoupling

effect of processes shown in Figures 12-14 with respect to sensor arrangement

505 or other sensor arrangements associated with Figures 1-l l. Thus, it can be

5 seen from Figures 15-23 tJnttools and associated methods similar or identical to

the tools and methods discussed with respect to Figures 1-14 provide decoupled

ahead-of-bit and formation measurement in comparison with conventional tools

and associated procedures.

Figures 24 and25 show horizontal and verlical at-the-tool and ahead-of-

I 0 bit signals for a test setup. The test setup is configured for a tool having sensor

arrangement 805 shown in Figure 8 with a sensor separation of 32" and a tool

dip of 5o operating at 10 KHz with horizontal and vertical at-the-tool and ahead-

of-bitsignalsasgiveninequations(13)-(16)forthetool. Ath¡eelayerlogging

problem is considered in the test setup with horizontal and vertical resistivity

l5 values as shown in Figures 24 and25. ltcan be seen from Figure 24 that the real

pafi2443 of the horizontal at-the-tool measurement is highly sensitive to the

horizontal resistivity value near the tool, while the real part2444 of the verlical

at-the-tool measurement is highly sensitive to the vertical resistivity value near

the tool. Both ofthese signals are not affected by presence oflayers ahead ofthe

20 bit.

Figure 25 shows the real part254l of the horizontal ahead-of-bit signal,

the imaginary part2542 of the horizontal ahead-of-bit signal, the real part2543

of the vertical ahead-of-bit signal, and the imaginary part2544 of the vertical

ahead-of-bit signal. In this case, although these signals do not give explicit

25 information similar to the at-the-tool measurement, they can be used to

effectively recovet horizontal and vertical resistivity, the dip angle, and distance

to the layer ahead ofthe bit. Figures 24 and25 indicate that tools and associated

methods similar or identical to the tools and methods discussed herein provide

decoupled, accurate anisotropic measurements in comparison with conventional

30 tools and associated procedures.

Figure 26 shows logging results for ahead-of-bit and at-the-tool signals

for different dip angles using arrangement 505 of Figure 5' Curve 2641 is the

real part of V¡os at 0:0o. cuwe2642 is the real part of v¡os at 0:15". curve
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2643 isthe real part of Vnos at 0:30o. curve 2644 is the real part of vaqs at

0:60'. curve 2646 isthe imaginary part of v¡os at 0=00. curve 2647 is the

imaginary part of v¡6s at 0:15o. curve 2648 is the imaginary part of v¡oB at

0:30.. Curve 2649 isthe imaginary part of Vnos at 0:60". Cuwe 2651 is the

5 real part of V¡¡1at 0=0o. Ct¡we2652 is the real part of Va11 at 0=15o. Curve

2653 isthe real part of vltr at 0:30o. curve 2654 is the real part of va¡1at

0=600. As discussed before, it can be seen from Figure 26 that, for zero dip

angle, at-the-tool signal is highly insensitive to the layer ahead of the bit.

However for higher dìp angles, some sensitivity is observed, which points to a

l0 degradation in the decoupling effect. This degradation becomes significant only

if the dip is larger than about 30 degrees. As a result, the tools having

anangement 505 with associated processing are expected to be effective for all

cases except those with dip angles larger than 30 degrees'

Figure 27 shows logging results for ahead-of-bit and at-the-tool signals

15 for different dip angles using arrangement 705 of Figure 7. Curve 2741 isthe

real part of vaos at 0:0o. cuwe2742 is the real part of vaos at 0=15o. curve

2743 isthe real part of v¡os at 0=30o. curve 2744 is the real part of Vaos at

0=60o. Curve 2746 is the imaginary part of Vaos at 0:0o. Cune 2747 is the

imagtrnary part of V¡os at 0:15o. Curve 2748 is the imaginary part of V¡os at

20 0=30". Curve 2749 isthe imaginary part of Vnos at 0=60o' Curve 2741 is the

real part of vntr at 0:0o. cuwe2752 is the real part of vntr at 0:15'. Curve

2753 is the real part of V¡¡1 at 0:30". Curve 2754 is the real part of V¡¡1 at

0:60". Similar to the tool based on arrangement 505 of Figure 5, the process

associated using arrangement 705 of Figure 7 is effective here as long as the dip

25 angle is lower than or equal to 30 degrees.

As it is seen in Figures 18,22,25,26, and27, ahead-of-bit measurement

is ftee of direct field effects that produce higher noise levels. As a result, the

only criterion in detection of anomalies ahead of the bit is to have an anomaly

signal level that is larger than the noise level, As an example, inFigne22, a

30 noise level at 10ó V would produce approximately 10 and 25 Teet depth of

detection when moving from 50O to 100 and 0.1O to l00O layers, respectively'

The tools and associated processes described herein may provide higher depth of
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detection in see-ahead problems than conventional tools and their associated

procedures.

The tools and associated processes described herein can improve the

depth of detection and stability of the ahead of the bit measurements, which

5 provides important information regarding drastic changes in the pressure in the

layers ahead of the bit. As a result, an early reliable waming regarding any

blow-out risk can be made and appropriate measures can be taken in time. This

can be important when conditions downhole can only be transmitted to the

surface via a telemetry system, which has considerable delays. The tools and

l0 associated processes described herein may provide a mechanism for an enhanced

level of prevention of dangerous situations, such as blow-outs, as compared with

conventional tools and their associated procedures.

The tools and associated processes described herein can decouple the

direct and formation sigrrals from the ahead-of-the-bit signal, which leads to

l5 better evaluation of formations ahead of the bit and near the tool. Moreover,

such tools and associated processes can make accurate and stable measurements

of anisohopy. As a result it can help in assessment of productive zones' The

tools and associated processes described herein may provide a mechanism for

recovery ofhydrocarbons to an enhanced level as compared with conventional

20 tools and their associated procedures.

Various components of a measurement tool and a processing unit that

decouples the direct and formation signals from the ahead-of-the-bit signal, as

described herein or in a similar manner, can be realized in combinations of

hardware and software implementations. These implementations may include a

ZS machine-readable medium having machine-executable instructions, such as a

computer-readable medium having computer-executable insffuctions, for

operating the system to control activation of a tool downhole in the well; to

obtain an ahead-of-bit signal such that contributions from direct hansmitter-to-

receiver signals and formation signals around the tool are cancelable to a first

30 extent; to obtain an at-the-tool signal such that signal contributions from

anomalies ahead ofthe tool are cancelable to a second extent; to perform an

inversion operation of the at-the-tool signal to determine a property of the

formation around the tool; and to perform an inversion operation of the ahead-
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of-bit signal using the determined property resulting from the performing of the

inversion of the at-the-tool signal such that performing the inversion of the

ahead-of-bit signal generates one or more formation related properties ahead of

the tool. The instructions can include selecting and activating fransmitters and

5 directing acquisition of signals at receivers selected with respect to the selected

transmitter activated. The controlled tool can have an alrangement of

transmitters and receivers to capture a signal from a first region relative to a

longitudinal axis of the tool such that signal contributions from a second region

relative to the longitudinal axis are cancelable based on placement of the

l0 transmitters and receivers with respect to each other.

Controlling activation of the tool can include applying signals to

hansmitters of the tool electrically in correlated magnitudes and polarity to

perform subtraction and/or addition operations. Conholling activation of the

tool can include applying current to two different transmitters of the tool

l5 simultaneously such that the current applied to one of the ¡wo transmitters is of a

same amount and of opposite direction as in the other transmitter.

The instructions can be executed by a controller, or pfocessor, to manage

the inversion operation of the at-the-tool signal to determine formation resistivity

from around the tool. The instructions can be executed by a controller, or

20 processor, to manage the inversion operation ofthe ahead-of-bit signal using the

determined property to determine resistivity from anomalies ahead of the tool.

The instructions can be executed to apply a forward model subjected to an

iterative process to perform an inversion operation ofthe ahead-of-bit signal

using the determined property from inversion of the at-the-tool signal. The

25 instructions for performing the inversion of the at-the-tool signal can include

obtaining horizontal resistivity and vertical resistivity of a formation. The

instructions for perfiorming the inversion of the ahead-of-bit signal can include

obtaining elevation angle and distance to an anomaly,

The instructions can include monitoring resistivity from ahead of a drill

30 bit and correlating resistivity changes, determined from the monitoring, to

determine changes in pressure ahead of the drill bit. The instructions can include

commands to steer a drilling operation in response to applying results from the

generation of the one or more formation related properties ahead of the tool. The
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instructions can include stopping a drilling operation to make measulements

using the tool.

Figure 28 depicts a block diagram of features of an embodiment of a

system 2800 including a sensor tool 2805 having an arrangement of transmitters

5 and receivers in which measurement signals can be acquired such that the direct

and formation signals can be decoupled from the ahead-of-the-bit signal. The

arrangements of transmitters and receivers of sensor tool 2805 can be realized in

similar or identical matmer to arrangements discussed herein'

System 2800 can also include a controller 2862, a memory 2864, an

l0 electronic apparatus 2868, and a communications unit 2866. Controllet 2862,

memory 2864, andcommunications unit 2866 canbe arranged to operate sensor

tool 2805 to determine properties of the region ahead of sensor tool 2805. Wittl

sensor tool 2805 affixed to a drill string close to or at the drill bit, the region

ahead of sensor tool 2805 is the region ahead of ttre drill bit. Controller 2862,

l5 memory 2864, andelectronic apparatus 2868 can be realized to include control

activation of transmitter antennas and selection of receiver antennas in sensor

tool2805 and to manage processing schemes in accordance with measurement

procedures and signal processing as described herein. Communications unit

2866 caninclude downhole communications in a drilling operation. such

20 downhole communications can include a telemetry system'

system 2800 can also include a bus 2863, where bus 2863 provides

electrical conductivity among the components of system 2800. Bus 2863 can

include an address bus, a data bus, and a control bus, each independently

configured. Bus 2863 can also use common conductive lines for providing one

25 or more of address, data, or conhol, the use of which can be regulated by

controller 2862. Bus 2863 canbe configured such that the components of

system 2800 are distributed. Such distribution can be arranged between

downhole components such as transmitters and receivers of sensor tool 2805 and

components that can be disposed on the surface. Alternatively, the components

30 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 2867 can include displays,

additional storage memory, and/or other conhol devices that may operate in
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conjunction with controller 2862 and/or memory 2864. In an embodiment,

controller 2862is a processor. Peripheral devices 2867 canbe arranged with a

display can be used with instructions stored in memory 2864 to implement a user

interface to manage the operation of sensor tool 2805 and/or components

distributed within system 2800. such a usel intedace can be operated in

conjunction with communications unit 2866 and bus 2863. Various components

of system 2800 can be integrated with sensor tool 2805 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

10 measurement.

15

Figure 29 depicts an embodiment of a system 2900 ata drilling site,

where system 2900 includes a sensof tool2905 having an anangement of

transmitters and receivers in which measurement signals can be acquired such

that the direct and formation signals can be decoupled from the ahead-of-the-bit

signal to determine properties ahead of the drilling opefation. The arrangements

of transmitters and receivers of sensor tool 2905 can be rcalized in similar or

identical manner to arrangements discussed herein, Sensor tool 2905 can be

realized as system 2900.

system 2900 ca¡include a drilling ljg19D2located at a surface 2904 of a

well 2906 and a string of drill pipes, that is, drill string 2908, connected together

so as to form a drilling string that is lowered through arotary table 2907 into a

wellbore or borehole 2912. The drilling ng2902 can provide support for drill

string 2908. The drill string 2908 can operate to penetrate rotary table2907 fot

drilling a borehole 2912 through subsurface formations 2914. The drill string

2908 caninclude drill pipe 2918 and a bottom hole assembly 2920located at the

lower portion of the drill pipe 2918.

The bottom hole assembly 2920 can include drill colla¡ 2915, sensor tool

2905, anda drill bit 2926. Invarious embodiments, sensor tool 2905 can include

a sensor located as close as possible to drill bit2926. The drill bit2926 can

operate to create a borehole 29l2by penetrating the surface 2904 and subsurface

formations 2914. Sensor tool2905 canbe structured for an implementation in

the borehole of a well as a MWD system such as a LWD system. Sensor tool

2905 canbe realized with a housing containing electronics to activate a

35

20

25

30



transmitting source and to collect responses at selected receiving sensors. Such

electronics can include a processing unit to analysis signals collected by sensor

tool 2905 and provide processed results to the surface over a standard

communication mechanism for operating a well. Alternatively, electronics can

5 include a communications interface to provide signals sensed by sensor tool

2905 tothe 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, sensor tool2905 may be included in a tool body

l0 2970 coupled to a logging cable 2974 wchas, for example, for wireline

applications. Tool body 2970 containing sensof tool 2905 can include

electronics to activate a transmitting sensor of sensor tool 2905 and collect

responses from selected receiving sensors of sensor tool 2905. Such electronics

can include a processing unit to analysis signals collected by sensor tool 2905

l5 and provide processed results to the surface over a standard communication

mechanism for operating in a well. Alternatively, electronics can include a

communications interface to provide signals collected by sensor tool 2905 to the

surface over a standard communication mechanism for operating in a well,

where these collected signals arc analyzed at a processing unit at the surface.

20 Logging cable 2974 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 structure for use

in bore hole2912.

During drilling operations, the drill shing 2908 can be rotated by the

25 rotary table 2907. lnaddition to, or altematively, the bottom hole assembly

2920 canalso be rotated by a motor (e.g., a mud motor) that is located downhole.

The drill collars 2915 canbe used to add weight to the drill bit2926. The drill

collars 2915 also can stiffen the bottom hole assembly 2920 to allow the bottom

hole assembly 2920 to transfer the added weight to the drill bit2926, and in turn,

30 assist the drill bit 2926 inpenetrating the surface 2904 and subsurface

formations 2914.

During drilling operations, a mud pump 2932 can pump drilling fluid

(sometimes known by those of skill in the art as "drilling mud") from a mud pit
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2934 through a hose 2936 into the drill pipe 2918 and down to the drill bit2926.

The drilling fluid can flow out from the drill bit 2926 andbe returned to the

surface 2904 through an annular area2940 between the drill pipe 2918 and the

sides of the borehole 2912. The drilling fluid may then be retumed to the mud

pit}934,where such fluid is filtered. In some embodiments, the drilling fluid

can be used to cool the drill bit 2926, as well as to provide lubrication for the

drill bit 2926 únngdrilling opelations. Additionally, the drilling fluid may be

used to remove subsurface formation 2914 cuttings created by operating the drill

bit2926.

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 illustrative, and not restrictive, and

that the phraseology or terminology employed herein is for the purpose of

description. Combinatíons of the above embodiments and other embodiments

will be apparent to those of skill in the art upon studying the above description.

10
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CLAIMS

1. An apparatus to measure signals indicative of properties downhole, the apparatus

comprising:

a tool having an arrangement of transmitters and receivers along a longitudinal

axis of the tool to capture, when the tool is disposed downhole, signals from a first

downhole region in the vicinity of the tool; and

a control unit to control activation of the transmitters and to process a specifìed

combination of signals received from the receivers such that signal contributions from a

second downhole region in the vicinity of the tool are substantially canceled, based on the

placement of the transmitters and receivers with respect to each other;

wherein the first region is one of around the tool or ahead of the tool, and the

second region is, respectively, the other ofahead ofthe tool or around the tool.

2. The apparatus of claim I , wherein the arrangement of transmitters and receivers

is structured to capture a signal from anomalies ahead of the tool such that contributions

from direct transmitter-to-receiver signals and formation signals around the tool can be

substantially canceled.

3. The apparatus of claim 2, wherein the arrangement of transmitters and receivers

includes:

a fìrst transmitter / receiver pair arranged as a transmitter antenna tilted with

respect to the longitudinal axis of the tool and a receiver antenna tilted with lespect to the

longitudinal axis of the tool such that the transmitter antenna and the receiver antenna are

separated by a first distance; and

a second transmitter / receiver pair arranged as a transmitter antenna tilted with

respect to the longitudinal axis of the tool and a receiver antenna tilted with respect to the

longitudinal axis of the tool such that the transmitter antenna and the receiver antenna are

separated by a second distance, the second distance equal to the first distance.
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4. The apparatus of claim 1, wherein the arrangement of transmitters and receivers

includes:

a first transmitter / receiver pair arranged as a transmitter antenna tilted with

respect to the longitudinal axis of the tool and a receiver antenna tilted with respect to the

longitudinal axis of the tool such that the transmitter antenna is separated from a

reference cross-section ofthe tool by a first distance and the receiver antenna is separated

from the reference cross-section ofthe tool by a second distance; and

a second transmitter / receiver pair aranged as a transmitter antenna tilted with

respect to the longitudinal axis of the tool and a receiver antenna tilted with respect to the

longitudinal axis of the tool such that the transmitter antenna is separated from the

reference cross-section ofthe tool by a third distance and the receiver is separated from

the reference cross-section ofthe tool by a fourth distance, the sum ofthe first and second

distances equals the sum of the third and fourth distances.

5. The apparatus of claim 1, wherein the arrangement of transmitters and receivers is

structured to capture a signal from around the tool such that a horizontal resistivity signal

can be substantially decoupled from a vertical resistivity signal.

6. The apparatus of claim 5, wherein the arrangement of transmitters and receivers

includes:

a pair of transmitter antennas, each transmitter antenna tilted with respect to the

longitudinal axis of the tool such that center points of the transmitter antennas are

collocated, one transmitter antenna of the pair of transmitter antennas having a same tilt

elevation angle and opposite tilt azimuth angle as the other transmitter antenna of the

pair; and

apair of receiver antennas, each receiver antenna tilted with respect to the

longitudinal axis of the tool such that center points of the receiver antennas are

collocated, one receiver antenna of the pair of receiver antennas having a same t¡lt

elevation angle and opposite tilt azimuth angle as the other receiver antenna of the pair.
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7. The apparatus of claim l, wherein the arrangement of transmitters and receivers is

structured to capture a signal from anomalies ahead of the tool such that contributions

from direct transmitter-to-receiver signals and formation signals around the tool can be

substantially canceled and structured such that signal contributions from anomalies ahead

of the tool can be substantially canceled.

8. The apparatus of claim 7, wherein the arrangement of transmitters and receivers

includes:

a first transmitter / receiver pair arranged as a transmitter antenna tilted with

respect to the longitudinal axis of the tool and a receiver antenna tilted with respect to the

longitudinal axis of the tool such that the transmitter antenna and the receiver antenna are

separated by a separation distance; and

a second transmitter / receiver pair arranged as a transmitter antenna tilted with

respect to the longitudinal axis of the tool and a receiver antenna tilted with respect to the

longitudinal axis of the tool such that the transmitter antenna and the receiver antenna are

separated by the separation distance, the first transmitter / receiver pair separated from

the second transmitter / receiver pair by the separation distance.

9. The apparatus of claim 7, wherein the arrangement of transmitters and receivers

includes:

a transmitter / transmitter pair arranged as a first transmitter antenna separated

from a second transmitter antenna by a first distance, both transmitter antennas tilted with

respect to the longitudinal axis of the tool;

a receiver / receiver pair arranged as a first receiver antenna separated fiom a

second receiver antenna by the first distance, both receiver antennas tilted with respect to

the longitudinal axis of the tool, the transmitter / transmitter pair separated from the

receiver / receiver pair by a second distance.

10. The apparatus of claim 7, wherein the arrangement of transmitters and receivers

includes:
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a first transmitter / transmitter pair arranged as a first transmitter antenna

separated from a second transmitter antenna by a first distance, both transmitter antennas

tilted with respect to the longitudinal axis of the tool;

a second transmitter / transmitter pair arranged as a third transmitter antenna

separated from a fourth transmitter antenna by the first distance, both transmitter

antennas tilted with respect to the longitudinal axis of the tool; and

a receiver / receiver pair arranged as a first receiver antenna separated from a second

receiver antenna by the first distance, both receiver antennas tilted with respect to the

longitudinal axis of the tool, the receiver / receiver pair disposed between the first

transmitter / transmitter pair and the second transmitter / transmitter pair such that the

receiver / receiver pair is separated from the first transmitter / transmitter pair and from

the second transmitter / transmitter pair by a second distance.

I l. The apparatus of claim 7, wherein the arrangement of transmitters and receivers

includes:

a first pair of transmitter antennas, each transmitter antenna of the first pair of

transmitter antennas tilted with respect to the longitudinal axis of the tool such that center

points of the transmitter antennas of the first pair of transmitter antennas are collocated,

one transmitter antenna of the first pair of transmitter antennas having a same tilt

elevation angle and opposite tilt azimuth angle as the other transmitter antenna of the first

pair of transmitter antennas;

a second pair of transmitter antennas, each transmitter antenna of the second pair

of transmitter antennas tilted with respect to the longitudinal axis of the tool such that

center points of the transmitter antennas of the second pair of transmitter antennas are

collocated, one transmitter antenna of the second pair of transmitter antennas having a

same tilt elevation angle and opposite tilt azimuth angle as the other transmitter antenna

of the second pair of transmitter antennas;

a first pair of receiver antennas tilted with respect to the longitudinal axis of the

tool such that center points of the receiver antennas of the first pair of receiver antennas

are collocated, one receiver antenna of the first pair of receiver antennas having a sarrìe
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tilt elevation angle and opposite tilt azimuth angle as the other receiver antenna of the

first pair ofreceiver antennas; and

a second pair of receiver antennas tilted with respect to the longitudinal axis of the

tool such that center points ofthe receiver antennas ofthe second pair ofreceiver

antennas are collocated, one receiver antenna ofthe second pair ofreceiver antennas

having a same tilt elevation angle and opposite tilt azimuth angle as the other receiver

antenna ofthe second pair ofreceiver antennas, such that the first pair ofreceiver

antennas is separated from the first pair of transmitter antennas by a separation distance,

the second pair of transmitter antennas is separated from the first pair of receiver

antennas by the separation distance, and the second pair ofreceiver antennas is separated

from the second pair of transmitter antennas by the separation distance.

12. The apparatus of claim I l, wherein the first pair of receiver antennas is disposed

between the first and second pairs of transmitter antennas.

13. The apparatus of claim 7, wherein the arrangement of transmitters and receivers

includes:

a first pair of transmitter antennas, each transmitter antenna of the first pair of

transmitter antennas tilted with respect to the longitudinal axis of the tool such that center

points of the transmitter antennas of the first pair of transmitter antennas are collocated,

one transmitter antenna of the first pair of transmitter antennas having a same tilt

elevation angle and opposite tilt azimuth angle as the other transmitter antenna of the first

pair of transmitter antennas;

a second pair of transmitter antennas, each transmitter antenna of the second pair

of transmitter antennas tilted with respect to the longitudinal axis of the tool such that

center points of the transmitter antennas of the second pair of transmitter antennas are

collocated, one transmitter antenna of the second pair of transmitter antennas having a

same tilt elevation angle and opposite tilt azimuth angle as the other transmitter antenna

of the second pair of transmitter antennas, the second pair of transmitter antennas beiug

separated fiom the first pair of transmitter antennas by a first distance;
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a first pair of receiver antennas, each receiver antenna of the fìrst pair of receiver

antennas tilted with respect to the longitudinal axis of the tool such that center points of

the receiver antennas ofthe first pair ofreceiver antennas are collocated, one receiver

antenna of the first pair of receiver antennas having a same tilt elevation angle and

opposite tilt azimuth angle as the other receiver antenna of the first pair of receiver

antennas; and

a second pair ofreceiver antennas, each receiver antenna ofthe second pair of

receiver antennas tilted with respect to the longitudinal axis of the tool such that center

points ofthe receiver antennas ofthe second pair ofreceiver antennas are collocated, one

receiver antenna of the second pair of receiver antennas having a same tilt elevation angle

and opposite tilt azimuth angle as the other receiver antenna of the second pair of receiver

antennas, the second pair of receiver antennas being separated from the first pair of

receiver antennas by the first distance, the first and second pairs ofreceiver antennas

being separated from the first and second pairs of transmitter antennas such that neither

of the pairs of receiver antennas are placed between the pairs of transmitter antennas.

14. The apparatus of claim l, wherein the arrangement of transmitters and receivers

includes:

a first transmitter antenna tilted with respect to the longitudinal axis of the tool;

a second transmitter antenna tilted with respect to the longitudinal axis of the tool;

a third transmitter antenna tilted with respect to the longitudinal axis of the tool;

a first pair of receiver antennas, each receiver antenna of the first pair of receiver

antennas tilted with respect to the longitudinal axis of the tool, the receiver antennas of

the first pair ofreceiver antennas separated from each other by a first distance, the fìrst

pair of receiver antennas disposed between the first transmitter antenna and the second

transmitter antenna and separated from both the first transmitter antenna and the second

transmitter antenna by a second distance; and

a second pair ofreceiver antennas, each receiver antenna ofthe second pair of

receiver antennas tilted with respect to the longitudinal axis of the tool, the receiver

antennas ofthe second pair ofreceiver antennas separated fronn each other by the first
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distance, the second pair of receiver antennas disposed between the second transmitter

antenna and the third transmitter antenna and separated from both the second transmitter

antenna and the third transmitter antenna by the second distance.

15. The apparatus of claim 1, wherein the arrangement of transmitters and receivers

includes:

a first receiver antenna tilted with respect to the longitudinal axis of the tool;

a second receiver antenna tilted with respect to the longitudinal axis of the tool,

the second receiver antenna separated from the first receiver antenna by a first distance;

a third receiver antenna tilted with respect to the longitudinal axis of the tool, the

third receiver antenna separated from the second receiver antenna by the first distance;

a first pair of transmitter antennas, each transmitter antenna of the fìrst pair of

transmitter antennas tilted with respect to the longitudinal axìs of the tool, the transmitter

antennas of the first pair of transmitter antennas separated from each other by the first

clistance; and

a second pair of transmitter antennas, each transmitter antenna of the second pair

of transmitter antennas tilted with respect to the longitudinal axis of the tool, the

transmitter antennas of the second pair of transmitter antennas separated from each other

by the first distance, the second pair of transmitter antennas separated from the first pair

of transmitter antennas by the first, second, and third receiver antennas.

16. A method of measuring properties downhole, the method comprising:

controlling activation of a tool disposed downhole, the tool having an

arrangement of transmitters and receivers along a longitudinal axis of the tool to capture

signals from formations in the vicinity of the tool;

obtaining an ahead-of-tool signal such that contributions from direct transmitter-

to-receiver signals and f-ormation signals around the tool are substantially canceled, based

on the arrangement of the transmitters and receivers with respect to each other;
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obtaining an at-the-tool signal such that signal contributions from anomalies

ahead of the tool are substantially canceled, based on the arrangement of the transmitters

and receivers with respect to each other;

performing an inversion operation of the at-the-tool signal to determine a property

of the formation around the tool; and

performing an inversion operation of the ahead-of-tool signal using the

determined property of the formation around the tool to determine one or more properties

of the formation ahead of the tool.

17. The method of claim 16, wherein controlling activation of the tool includes

applying signals to transmitters of the tool electrically, in correlated magnitudes and

polarity, to perform subtraction and/or addition operations.

18. The method of claim l6 or claim 17, wherein controlling activation of the tool

includes applying cument to two different transmitters of the tool simultaneously such

that the current applied to one of the two transmitters is of a same amount as and of

opposite direction to the current applied to the other transmitter.

I 9. The method of any one of claims l6 to 18, wherein the method includes applying

results from the determination of the one or more properties of the formation ahead of the

tool to steering a drilling operation.

20. The method of any one of claims l6 to 19, wherein the method includes stopping

a drilling operation to make measurements using the tool.

21. A machine-readable storage medium having instructions stored thereon, which,

when performed by a machine, cause the machine to perform operations, the operations

cornprising the method of any of claims 16 Io 20.
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