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(54) Title: APPARATUS AND METHOD FOR ALIGNING DOWNHOLE MEASUREMENTS 

(57) Abstract: Apparatuses and methods are described, such as for align

300 ing downhole measurements. Apparatuses and methods include an ar
302 rangement of at least two tilted transmitters and at least one tilted receiv

er along a longitudinal axis of the tool. A first and second plurality of 
3- azimuthal measurements are processed to provide a first and a second 

310 plurality of higher order mode signals configured to be time-shifted.  
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APPARATUS AND METHOD FOR ALIGNING DOWNHOLE 

MEASUREMENTS 

TECHNICAL FIELD 

5 [0001] The present invention relates generally to systems having well 

logging capability.  

BACKGROUND 

[00021 In drilling wells for oil and gas exploration, understanding the 

10 structure and properties of the geological formation surrounding a borehole 

provides information to aid such exploration. Further, during drilling operations 

determining a depth of the borehole assembly (BHA) can be an important factor.  

The usefulness of such measurements can be related to the precision or quality 

of the measurement, so as to derive accurate formation information.  

15 [0002a] Any discussion of documents, acts, materials, devices, articles or 

the like which has been included in the present specification is not to be taken as 

an admission that any or all of these matters form part of the prior art base or 

were common general knowledge in the field relevant to the present disclosure 

as it existed before the priority date of each of the appended claims.  

20 [0002b] Throughout this specification the word "comprise", or variations 

such as "comprises" or "comprising", will be understood to imply the inclusion 

of a stated element, integer or step, or group of elements, integers or steps, but 

not the exclusion of any other element, integer or step, or group of elements, 

integers or steps.  

25 

SUMMARY 

[0002c] Some embodiments relate to a method of aligning a plurality of 

downhole electromagnetic measurements, comprising: activating, at an initial 

recording time, a first transmitter antenna in an arrangement along a longitudinal 

30 axis, the first transmitter antenna activated at an operating frequency; activating, 

at the initial recording time, a second transmitter antenna in the arrangement, the 

second transmitter antenna disposed longitudinally from the first transmitter 

antenna along the longitudinal axis, the second transmitter antenna activated at 
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substantially the same operating frequency as the first transmitter antenna; 

collecting at a first receiver antenna a first plurality of azimuthal measurements 

associated with the first transmitter antenna; collecting at a second receiver 

antenna a second plurality of azimuthal measurements associated with the 

5 second transmitter antenna; processing the first plurality of azimuthal 

measurements to produce a corresponding first plurality of higher order mode 

signals; processing the second plurality of azimuthal measurements to produce a 

corresponding second plurality of higher order mode signals; accumulating the 

first plurality higher order mode signals while the first transmitter antenna and 

10 first receiver antenna are moved downhole, to form a first accumulated signal; 

accumulating the second plurality higher order mode signals while the second 

transmitter antenna and the second receiver antenna are moved downhole to 

form a second accumulated signal; and aligning the first plurality of higher order 

mode signals and the second plurality of higher order mode signals in the time

15 domain by a time-shift based on the first accumulated signal and the second 

accumulated signal.  

[0002d] Some embodiments relate to a method of aligning a plurality of 

downhole electromagnetic measurements, comprising: activating, at an initial 

recording time and an operating frequency, a first transmitter antenna in an 

arrangement along a longitudinal axis, the first transmitter antenna tilted with 

respect to the longitudinal axis; activating, at the initial recording time and a 

substantially similar operating frequency, a second transmitter antenna in the 

arrangement, the second transmitter antenna disposed longitudinally from the 

first transmitter antenna along the longitudinal axis, the second transmitter 

antenna tilted with respect to the longitudinal axis; collecting, at a receiver 

antenna, a first plurality of azimuthal measurements associated with the first 

transmitter antenna, and a second plurality of azimuthal measurements 

associated with the second transmitter antenna, wherein the first plurality of 

azimuthal measurements and the second plurality of azimuthal measurements are 

offset from each other in the time-domain, wherein the receiver antenna is 

located between the first and second transmitter antennas, the receiver antenna 

tilted with respect to the longitudinal axis; processing the first plurality of 

azimuthal measurements to produce a corresponding first plurality of higher 

order mode signals; processing the second plurality of azimuthal measurements



to produce a corresponding second plurality of higher order mode signals; 

accumulating the first plurality higher order mode signal while the first 

transmitter antenna and the first receiver antenna are moved downhole, to form a 

first accumulated signal; accumulating the second plurality higher order mode 

signals while the second transmitter antenna and the second receiver antenna are 

moved downhole to form a second accumulated signal; and aligning the first 

plurality of higher order mode signals and the second plurality of higher order 

mode signals in the time-domain.  

[0002e] Some embodiments relate to an apparatus to align a plurality of 

downhole electromagnetic measurements, comprising: a tool having an 

arrangement of transmitter antennas and receiver antennas, each transmitter 

antenna configured to operate at a substantially similar operating frequency, 

5 along a longitudinal axis of the tool, the tool including: a first and a second tilted 

transmitter antenna, the first tilted transmitter antenna disposed longitudinally 

above the second tilted transmitter antenna; a first tilted receiver antenna 

disposed a predetermined first distance from the first tilted transmitter antenna, 

the first tilted transmitter antenna and the first tilted receiver antenna spaced 

10 approximately equidistant from a first reference point; and a second tilted 

receiver antenna disposed a predetermined second distance from the second 

tilted transmitter antenna, the second tilted transmitter antenna and the second 

tilted receiver antenna spaced approximately equidistant from a second reference 

point, wherein the first and second reference points are disposed a predetermined 

15 third distance from each other; a drill bit, including a depth measurement device, 

wherein the depth measurement device is located at a fourth distance from at 

least one of the first or second reference points; and a processing unit configured 

to control activation of the transmitter antennas and the receiver antennas and to 

process a first plurality of electromagnetic measurements associated with the 

20 first reference point and a second plurality of electromagnetic measurements 

associated with the second reference point to produce, respectively, a first 

plurality of higher order mode signals and a second plurality of higher order 

mode signals, the processing unit further configured to accumulate the first 

plurality of higher order mode signals, while the first tilted transmitter antenna 

25 and the first tilted receiver antenna are moved downhole, to form a first 

accumulated signal, accumulate the second plurality of higher order mode 
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signals while the second tilted transmitter antenna and the second tilted receiver 

antenna are moved downhole to form a second accumulated signal, and align the 

first plurality of higher order mode signals and the second plurality of higher 

order mode signals in the time-domain by a time-shift based on the first 

5 accumulated signal and the second accumulated signal.  

[0002f] Some embodiments relate to an apparatus to align a plurality of 

downhole electromagnetic measurements, comprising: a first transmitter antenna 

located along a longitudinal axis of a tool, the first transmitter antenna 

configured to operate at a first operating frequency, the first transmitter antenna 

tilted with respect to the longitudinal axis; a second transmitter antenna located 

along the longitudinal axis of the tool, the second transmitter antenna configured 

to operate at substantially the same operating frequency, the second transmitter 

antenna tilted with respect to the longitudinal axis; a receiver antenna located 

along the longitudinal axis and tilted with respect to the longitudinal axis, the 

receiver antenna disposed a first distance from the first transmitter antenna, a 

first reference point being located along the first distance and approximately 

equidistant from the first transmitter and the receiver antenna, the receiver 

antenna disposed at a second distance, substantially equal to the first distance, 

from the second transmitter antenna, a second reference point being located 

along the second distance and approximately equidistant from the second 

transmitter and the receiver antenna, the receiver antenna configured to provide a 

first plurality of electromagnetic measurements associated with the first 

reference point and a second plurality of electromagnetic measurements 

associated with the second reference point; and a drill bit, including a depth 

measurement device, wherein the depth measurement device is located at a 

predetermined distance from at least one of the first or second reference points; 

and a processing unit configured to control activation of the transmitter antennas 

and receiver antennas and to process the first and second plurality of 

electromagnetic measurements associated with the transmitter antennas and 

receiver antennas, accumulate the first and second plurality of electromagnetic 

measurements, while the first and second transmitter and receiver antennas are 

moved downhole, to form first and second accumulated signals, and align the 

first and second plurality of electromagnetic measurements in the time-domain 

by a time-shift based on the first and second accumulated signals.  
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[0002g] Some embodiments relate to a method of aligning a plurality of 

downhole electromagnetic measurements, comprising: obtaining a drill bit depth 

of a drill bit at an initial recording time; collecting a first plurality of 

electromagnetic measurements at an operating frequency from a first tilted 

transmitter antenna and a first tilted receiver antenna, separated from each other 

by a first longitudinal distance and disposed approximately equidistant about a 

first reference point, the first reference point located at a second longitudinal 

distance from the drill bit; collecting a second plurality of electromagnetic 

measurements, at substantially the same operating frequency, from a second 

tilted transmitter antenna and a second tilted receiver antenna, separated by 

substantially the same first longitudinal distance and disposed approximately 

equidistant from a second reference point, different than the first reference point; 

collecting a third plurality of electromagnetic measurements, at substantially the 

same operating frequency, from a third tilted transmitter antenna and a third 

tilted receiver antenna, separated by substantially the same first longitudinal 

distance and disposed approximately equidistant about a third reference point, 

different than the first and second reference points; processing each of the first, 

second, and third plurality of electromagnetic measurements to produce a 

corresponding first, second, and third plurality of higher order mode signals, 

respectively; determining a depth of the first reference point, based on the drill 

bit depth at the initial recording time and the second distance; accumulating each 

of the first, second, and third plurality of higher order mode signals while the 

second transmitter antenna and the second receiver antenna are moved downhole 

to form, respectively, first, second, and third accumulated signals; and aligning 

the first plurality of higher order mode signals with the second and third plurality 

of higher order mode signals in the time-domain by a time-shift based on the 

first, second, and third accumulated signals 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0003] FIG. 1 illustrates a block diagram of an embodiment an apparatus 

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

5 according to various embodiments.  

[00041 FIG. 2 illustrates a tool having a tilted antenna design 

configuration such that multi-component measurements can be taken at any non

1r1



zero tilt angle for a transmitter and a receiver, according to various 

embodiments.  

[00051 FIG. 3 illustrates a tool having an asymmetric antenna 

configuration, according to various embodiments.  

5 [00061 FIG. 4 illustrates a plot of exemplary amplitude field responses of 

the tool of FIG. 3, according to various embodiments.  

[00071 FIG. 5 illustrates a plot of the amplitude field responses of FIG. 5 

after a depth shift mechanism has been applied, according to various 

embodiments.  

10 [00081 FIG. 6 illustrates a plot of the exemplary amplitude responses of 

FIG. 4 in the time-domain, according to various embodiments.  

[0009] FIG. 7 illustrates a drill bit depth plot in the time domain,
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according to various embodiments.  

[0010] FIGS. 8A-8B illustrate a plot of the amplitude time-domain field 

responses of FIG. 6 after a time-domain shift mechanism has been applied, 

according to various embodiments.  

5 [00111 FIGS. 9A-9B illustrate inversion comparison plots of FIG. 5 and 

FIG. 7, according to various embodiments.  

[0012] FIG. 10 illustrates a module example of a tool having a tilted 

antenna design configuration, according to various embodiments.  

[0013] FIG. 11 illustrates a method of measuring aligning a plurality of 

10 downhole electromagnetic measurements, according to various embodiments.  

[0014] FIG. 12 illustrates a block diagram of an example system having 

a processing unit and a tool to align measurements, according to various 

embodiments.  

[00151 FIG. 13 illustrates generally an example of a drilling apparatus, 

15 such as including a measure-while-drilling (MWD) or log-while-drilling (LWD) 

capability.  

[0016] FIG. 14 illustrates generally an example of a wireline logging 

apparatus.  

20 DETAILED DESCRIPTION 

[00171 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 

25 and other embodiments. Other embodiments may be utilized, and structural, 

logical, and electrical changes may be made to these embodiments. The various 

embodiments are not necessarily mutually exclusive, as some embodiments can 

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

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

30 sense.  

[0018] Apparatus and methods are described, such as for aligning 

downhole signals, including real-time electromagnetic measurements. A tool 

having at least two tilted transmitters and at least one tilted receiver in 

communication with the at least two tilted transmitters, configuration can 

2
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transmit and receive multiple signals in real-time. The tool can further be 

configured such that a fixed physical separation between the tilted transmitter 

and tilted receiver of each antenna set is selected for all antenna sets, as well as 

each tilted antenna set is a known distance from other antenna sets, wherein an 

5 antenna set includes at least one tilted transmitter and at least one tilted receiver.  

In an example, one tilted antenna set with a tilted transmitter and a tilted receiver 

can be a known distance from a depth measurement device, such as a depth 

measurement device at a drill bit. In addition, the antenna set can be a known 

distance from another antenna set with a tilted transmitter and a tilted receiver.  

10 [0019] The present inventors have recognized, among other things, that a 

problem to be solved can include current methods of measuring formation 

properties or depth during drilling operations, such as by a device at or near a 

drill bit, that introduce error, particularly in real-time. For example, a tool 

having a tilted antenna design can provide real-time signals, such as amplitude, 

15 which can then be manipulated in time-domain so as to provide an accurate 

formation property measurement or a depth measurement in real-time, as 

compared to previous methods.  

[0020] FIG. 1 shows a block diagram of an embodiment of an apparatus 

100 having a processing unit 120 and a tool 105 to determine properties 

20 downhole in a well 102, such as a depth of the tool 105 in the well 102. Tool 

105 has an arrangement of transmitters and receivers 110-1, 110-2 ... 1 10-(N

1), 110-N to operate in conjunction with processing unit 120 to take real-time 

signals from the transmitters and receivers 110-1, 110-2 ... 1 10-(N-1), 110-N to 

determine the depth of the 105. Equivalent, similar, or identical control and 

25 processing of arrangements of transmitters and receivers, as disclosed in various 

embodiments herein, provide a mechanism for these arrangements to align 

signals of the transmitters and receivers 110-1, 110-2 ... 1 10-(N-1), 110-N, such 

as in the time-domain. Although FIG. 1 shows multiple transmitters and 

receivers, in an example the tool 105 can include at least two transmitters and 

30 one receiver, such that the one receiver can provide multiple signals (e.g., from 

the at least two transmitters).  

[0021] In an embodiment, an arrangement of transmitters and receivers 

110-1, 110-2 ... 1 10-(N-1), 110-N can operate in conjunction with processing 

unit 120 to provide a depth measurement correlating a position of a first 

3
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transmitter 110-1, 110-2 . .. 10-(N-1), 110-N and a position of a second 

transmitter 110-1, 110-2 . .. 1 110-(N-1), 110-N. Transmitters and receivers 110

1, 110-2 ... 1 10-(N-1), 110-N can be oriented with respect to longitudinal axis 

107 of tool 105. Each of the transmitters and receivers 110-1, 110-2 ... 1 10-(N

5 1), 110-N can be tilted with respect to longitudinal axis 107. For example, each 

of the transmitters and receivers 110-1, 110-2 ... 11 0-(N- 1), 110-N can be tilted 

with respect to longitudinal axis 107, such as an angle non-parallel to the 

longitudinal axis 107 (e.g., not 0 degrees). Each sensor element (i.e., 

transmitters and receivers) in arrangement of transmitters and receivers 110-1, 

10 110-2 ... 1 10-(N-1), 110-N can be realized as a coil element, a tilted coil 

element, a wire element, a toroidal element, a solenoid element, an electrode 

type element, a transducer, or other appropriate electromagnetic based sensor.  

The selected sensors may operate in various frequency ranges.  

[0022] In an embodiment, an arrangement of transmitters and receivers 

15 110-1, 110-2 ... 1 10-(N-1), 110-N can operate in conjunction with a processing 

unit 120 to provide a depth measurement correlating a position of a first 

transmitter 110-1, 110-2 ... 1 10-(N-1), 110-N and a position of a second 

transmitter 110-1, 110-2 ... 11 0-(N- 1), 110-N in time domain so as to adjust 

(e.g., correct) real-time depth, higher order mode, or formation property 

20 measurements between two or more bottom hole assembly (BHA) positions. In 

such an embodiment, the apparatus can provide a more accurate depth 

measurement or formation property measurement for field operators, such as in 

real-time.  

[0023] Processing unit 120 provides signals to selectively or continually 

25 activate transmitters and acquire measurement signals at the arrangement of 

transmitters and receivers 110-1, 110-2 . .. 1 10-(N-1), 110-N. The processing 

unit 120 can be located downhole, such as at the tool 105 or drill bit. In an 

example, the processing unit 120 can be at a surface. Processing unit 120 can 

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

30 signals received from the receivers and transmitters in tool 105 in real-time. In 

such examples, "real-time" includes common delays associated with transmitting 

signals from the well 102 to the processing unit 120, such as material or physical 

property delay attributes. As discussed herein, signals or measurements include 

electromagnetic measurements.  

4
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[00241 Processing unit 120 can be located at the surface of well 102 

operably in communication with tool 105 via a communication mechanism.  

Such a communication mechanism can be realized as a communication vehicle 

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

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

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

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

along a structure that delivers tool 105 downhole.  

[00251 In various embodiments, a processing methodology operatively 

10 aligns real-time signals without a dedicated depth measurement sensor. The tool 

105 can be used as a measurements-while-drilling (MWD) tool such as a 

logging-while-drilling (LWD) tool. In addition, the tool 105 can be adapted as a 

wireline tool.  

[0026] FIG. 2 illustrates a logging tool 200 (e.g., antenna) with a tilted 

15 antenna design. The antenna 200 can be equipped in a rotating LWD or wireline 

tool. While firing the transmitter antenna 204, the signal measured received at 

the titled receiver 202 of Figure 2 can be expressed in terms of the signal voltage 

Vk. Voltage responses of azimuthal signals at the tilted receiver 202 in response 

to a firing of a tilted transmitter 204 can be given by Eq. (1), expressed as: 

20 

VT (#l) = - )cos 2# + (cyx") sin 2#] + [(Czx + Cxz) cos # + 

(Czy + Cyzj sin p] + (Czz + + =Y-) = Vouble(/(f) + Vsingie(fl) + Von0 t (1) 

where, 

C =V, sin Ot sin 0 r; Cy = Vy sin Ot sin 0r; Cxz =Vz sin Ot cos r 

Cyx = Vy, sin Ot sin r; Cyy = Vyy sin 0t sin 0 r ;Cy Vyz sin 6O cos 0 r; 

25 Cz = Vx cos Ot sin 0r Czy = Vy Cos Ot Cos 0; Cz Vzz Cos Ot coSOr; 

and where, 

Vdoubie(/ 3 ) = - cos 2f + Cyx + C y sin 2 

Vsingie(#) = (Czx + Cxz) cos # + (Czy + Cyz) sin# 

5
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C C 
Vconst = Czz + XX + yy 

2 2 

[00271 Further, where P is the tool azimuth, O, is the tilt angle of the 

transmitter related to the z-axis 201, Or is the tilt angle of the receiver related to 

the z-axis direction, Vii is a complex value representing the signal amplitude and 

5 phase shift measured by the receivers orientated in x-, y-, or z-directional dipole 

in response to the firing of the transmitter i orientated in x-, y-, or z-directional 

dipole. Consequently, nine different coupling components can be obtained as 

shown in the equations above.  

[0028] As shown in Eq. (1), by applying a sinusoidal fitting function or 

10 Fourier transform, the azimuthal signals can be decoupled into three distinct 

signals Vdouble(), Vsingie(f), and Vconst, that presents a sinusoidal wave with 

double periods, a sinusoidal wave with a single period, and a constant signal 

with respect to the tool 200 azimuth angle P per rotation, respectively, wherein 

Vdouble(f) and Vsingie(p) can generally be considered higher order mode signals.  

15 The double sinusoidal response, Vdouble(p), can be expressed as: 

Vdouble(#l) - Vxx-V" cos 2#l + (VYx+VXY sin 2pl sin Ot sin r

Adouble sin 0
t sin 0r cos(2#l - #s) (2) 

20 where, 

x - Vy) 2 + (Vx + Vy 2 

_ 1ob l x x y x ) 

ps = tan( ±1K ) 

[0029] Therefore, given the same formation model, the same operating 

frequency and the same spacing between the transmitters and receiver antenna, 

the amplitude Adouible is constant to any tilt angle for the transmitter and for the 

25 receiver as long as the tilt angle is not zero. This can further been seen by FIGS.  

4-8, where Adouible is relatively constant for a given measurement when a depth 

shift or time shift is taken into account, as described herein.  

[0030] FIG. 3 illustrates a tool 302 including an asymmetric antenna 

6
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configuration, according to various embodiments. The tool 302 includes two 

transmitter antennas Tup 304-1 and Td, 304-2. Further, the tool 302 includes two 

receiver antennas Rup 306-1 and Rd, 306-2. The transmitters 304-1, 304-2 and 

receivers 306-1, 306-2 are tilted relative to a longitudinal axis 300 of the tool 

5 302. For example, angles 310, 312, 314, 316 can be any non-zero angle with 

respect to the longitudinal axis 300, such as 45'. The configuration in FIG. 3 is 

merely shown for ease of description and should not be taken as limiting. For 

example, as described with respect to FIG. 10, the tool can include at least two 

modules where each module is equipped with one transmitter and one receiver.  

10 According to the principle of reciprocity, one should expect that one antenna 

may be applied as a transmitter in one implementation and as a receiver at 

another. The configurations of transmitters-receivers antenna system disclosed 

herein can be interchangeable (e.g., transmitters can be used as receivers and 

receivers can be used as transmitters).  

15 [00311 The first transmitter antenna 304-1 can be disposed longitudinally 

above (e.g., in the positive z-direction) the second transmitter antenna 304-2.  

The first receiver antenna 306-1 and the second receiver antenna 306-2 can be 

defined longitudinal distance 318 disposed from one another. Further, the 

receiver antennas 306-1, 306-2 can be arranged equidistant along the 

20 longitudinal axis 300 on either side of a reference location, such as center line C, 

which is at a midpoint between the two receiver antennas 306-1, 306-2. The first 

receiver antenna 306-1 can be disposed between the first transmitter antenna 

304-1 and the second receiver antenna 306-2. A first longitudinal distance 322

1 from the first transmitter antenna 304-1 to the second receiver antenna 306-2 

25 can be equal to a second longitudinal distance 322-2 from the second transmitter 

antenna 304-2 to the first receiver antenna 306-1. For example, the first 

transmitter antenna 304-1 can be disposed in the positive z-direction from the 

first receiver antenna 306-1 a distance 320-1. The second transmitter antenna 

304-2 can be disposed in the negative z-direction from the second receiver 

30 antenna 306-2 a distance 320-2. In an example, the distances 320-1 and 320-2 

are equal.  

[0032] Further, the tool 302 can include a first and second reference 

point 305-1 and 305-2, wherein the first reference point 305-1 is associated with 

the first transmitter 304-1 and the first receiver 306-1 and the second reference 

7
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point 305-2 is associated with the second transmitter 304-2 and the second 

receiver 306-2. In general, as described herein, a reference point is defined as a 

center point of a transmitter and a receiver set where the measurement is 

associated. For example, the first reference point 305-1 can be a center point 

5 between the first transmitter 304-1 and the first receiver 306-1, such as half the 

distance 320-1.  

[00331 In an example, the tool 302 can include a processing unit (not 

shown) configured to control activation of the transmitter and receiver antennas 

and to process signals associated with the transmitters and receivers in 

10 accordance with the various methods described herein.  

[0034] FIG. 4 illustrates a plot 400 of the amplitude Adouible of field 

responses from the tool 302 of FIG. 3 that have been post-process manipulated 

to provide a given depth for each response. As described herein, depth refers to 

the measured depth of the borehole, as opposed to the true value depth (TVD), 

15 which is perpendicular to a horizontal plane, such as the surface. The post

process manipulated responses received at the upper receiver Rup 306-1 in 

response to the upper transmitter Tup 304-1 are shown as line 402 and the post

process manipulated responses received at the lower receiver Rd, 306-2 in 

response to from the lower transmitter Tdn 304-2 are shown 404. As described 

20 herein, post-process includes a time after a drilling operation, such as LWD or 

MWD described herein (e.g., not real-time). Real-time can include a time during 

a drilling operation, such as LWD or MWD as described herein. The depth in 

feet is plotted on the y-axis and the amplitude Adouible in volts is plotted on the x

axis.  

25 [00351 FIG. 4 provides exemplary calculated Adouible values for a 28 inch 

distance between Tup 304-1 and Rup 306-1 (e.g., 320-1) and between Td, 304-2 

and Rd, 306-2 (e.g., 320-2), and for an 8 inch distance 318 between Rup 306-1 

and Rd, 306-2, although embodiments are no so limited. As described herein, 

the distances 320-1 and 320-2 can be any known distance, such as about 8 inches 

30 to about 50 feet based on different operating frequencies and various 

applications. As described herein, the distance 322 must be known to accurately 

correlate the responses received at Rup 306-1 from Tup 304-1 (e.g., Tup - Rup) 

with those received at Rd, 306-2 from Tdn 304-2 (e.g., Tdn - Rd,). That is, in 

order to process the plurality of azimuthal measurements, using Eqs. (1) and (2), 
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associated with both Tup - Rup and T& - Rd, the tool should meet the 

configuration description herein.  

[00361 As can be seen in FIG. 4, depth delay from the responses of the 

lower transmitter Td, 304-2 received at Rd, 306-2, line 404, is evident by the 

5 "lag" in the Rup 306-1 responses relative to Tup 304-1, line 402. That is, when a 

signal associated with the second reference point 305-2 is received at Rd, 306-2 

from the T&1 304-2 transmitter and a signal associated with the first reference 

point 305-1 is received at Rup 306-1 from the Tup 304-1 transmitter, the depth of 

the second reference point 305-2 will be larger than the depth of the first 

10 reference point 305-1 due to the location of each transmitter on the tool. The 

reference point of a measurement, as described herein, can be used for 

interpreting downhole depth of a particular tool measurement based on depth 

device at drill bit. As such, continuing with the example of the distances 320-1 

and 320-2 being 28 inches and the distance 318 being 8 inches, the "lag" 

15 visualized in FIG. 4 therefore correlates to a distance of 36 inches due to 

physical antenna locations on the tool. That is, the depth delay or lag 

corresponds to the distance between the first and second reference points 305-1, 

305-2.  

[00371 FIG. 5 illustrates a plot 500 indicating the amplitude Adouble plot 

20 of FIG. 4 after a post-process depth-shifting procedure. For example, the depth 

delay, as described in connection with FIG.4, can be applied to the Td.-R&a 

measurement such that the responses of Tup-Rup 502 and T&a-Rdan 504 more 

closely correspond. For example, the determined depth delay of 36 inches can 

be removed from the depth measurements associated with responses of Tan-Ra.  

25 That is, the plot 500 illustrates the responses from Tup-Rup 502 corresponding to 

the responses of Td1 -Rd, 504 after a post-process depth-shift mechanism has 

been applied. The depth-shift mechanism includes taking into account the 

physical distance between the first and second reference points 305-1, 305-2 of 

each measured signal to determine required depth delay for Tdn-R 1 

30 measurements, such as for example 36 inches as shown in FIG. 3. The 

substantially matching results in FIG. 5 demonstrate a mimic operation of 

symmetrical tool antenna structure based on asymmetrical tool structure in FIG.  

3.  
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[00381 It is important to note that this depth shift measurement is done 

post-process (e.g., not real time), as opposed to the time-shift mechanism 

discussed herein. FIGS. 4 and 5 are provided to show that for the asymmetrical 

design shown in FIG. 3 the Adouie responses for the transmitters Tup and Td, are 

5 in-fact substantially equal at the same depth and frequency. Consequently, this 

amplitude correlation can be utilized in real-time. Depth shift in real time may 

require accurate depth measurements for every tool at every location. Generally 

speaking, depth at a drill bit is known in LWD real-time application, and real

time depth for tools in other BHA sections can be interpreted based on the drill 

10 bit depth. However, due to a dog-leg or other LWD drilling conditions (e.g., 

temperature, pressure, etc.), interpreted real-time depth may not be accurate 

enough, such that applying the depth delay based on real-time depth 

measurements may not suffice. More accurate depth delay or time-delay 

calculations on tool measurements permit corresponding inversion products 

15 (e.g., formation anisotropy, relative dip, or other formation properties) to be 

more accurate, as described herein.  

[0039] FIG. 6 illustrates a plot 600 of a first and second plurality of 

higher order mode signals, such as the real-time amplitude Adoubie of the field 

responses (e.g., electromagnetic measurements) measured at the receiver Rup 

20 306-1 from the transmitters Tup 304-1 (Tup-Rup) and measured at Rd, 306-2 from 

the transmitter T&1 (Tdn-Rdn) 304-2 of FIG.3, in the time-domain. That is, the 

calculated Adouile of the azimuthal measurements of Tup-Rup, shown as line 602, 

and Tdn-R&1 , shown as line 604, are plotted on the x-axis and the time at which 

each of the responses is received is plotted on the y-axis. FIG. 6 can be created 

25 by calculating Adoubie using Eq. (2) for the plurality of received field responses, 

such as azimuthal measurements.  

[0040] A recording start time can be established, such as 0 seconds, to 

produce the plot FIG. 6. The recording start time can be include any time from 

the beginning of a drilling operation to the end of the drilling operation, such 

30 that an end time of recording can provide sufficient data to perform the time

shift mechanism described herein. Sufficient data can include enough data in 

time-domain that correlates to at least a distance from the first reference point 

305-1 to the second reference point 305-2 or the distance from the drill bit depth 

measuring device to either the first or second reference points 305-1 and 305-2, 
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as described herein. In an example, at the recording start time, the drill bit depth 

measurement device records a depth while the at least one antenna set measures 

formation properties.  

[0041] In an example, real-time formation measurements for one set of 

5 measurements, such as Tdn-Rd, 604 of FIG. 6, can be obtained or recorded, and 

correlated to a depth measurement device at a drill bit, as described in reference 

to FIG. 10. For example, a distance from the depth measurement device at the 

drill bit to the second reference point 305-2 can be known, such that subtracting 

that distance from the measured depth at the drill bit provides the depth of the 

10 second reference point 305-2 downhole. In an example, the distance from the 

selected reference point to the drill bit depth measurement device is minimized, 

so as to reduce potential error from a non-linear borehole. Another set of 

measurements, such as Tup-Rup as line 602, can be correlated with measurements 

604 so that more accurate depth measurements for the set of measurements 602 

15 can be calculated by applying alignment methods to FIG. 6.  

[0042] For example, as shown in FIG. 6, at around 2600 seconds there is 

a peak amplitude Adouiml for the Tdn-Rd, measurements 604. One can determine, 

such as by the method as described herein in reference to at least FIG. 8, that at 

time of around 2782 seconds the Tup-Rup measurements 602 record a similar 

20 peak amplitude Adoubie as the Tdn-R&. measurements 604. As described herein, 

the Tdn-R&1 antenna set and Tup-Rup antenna set have the same amplitude Aoubie 

for a given depth and operating frequency. Therefore, it can be determined that 

when the Tup-Rup measurements 602 record the same peak amplitude Aoubie at 

2782 seconds, the first reference point 305-1 is at the same location downhole as 

25 when the second reference point 305-2 recorded a peak amplitude Aoubie at 2600 

seconds. That is, the time delay in real-time between the second reference point 

305-2 and the first reference point 305-1 is 182 seconds. Consequently, time

domain shifting either the Tup-Rup measurements 602 up (e.g., back in time) 182 

seconds or shifting the Tdn-Rd, measurements 604 down (e.g., ahead in time) 182 

30 will align the amplitude Aoubie measurements in the time-domain in real-time.  

As described herein, it can be advantageous to shift the measurements associated 

reference point(s) further away from the drill bit measurement device (e.g., 305

1) to correlate with the measurements associated with the reference point closest 
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to the drill bit measurement device (e.g., 305-2), so as to reduce error when 

determining a depth downhole in real-time.  

[0043] Further, as shown in FIG. 7, the real-time depth taken at the drill 

bit depth measurement device at 2600 seconds is 8140 feet. The drill bit depth 

5 can be correlated to the depth of the second reference point 305-2 at 2600 

seconds by subtracting the known distance between the measurement device and 

the second reference point 305-2. As an example, assuming the second 

reference point is 24 inches from the drill bit depth measurement device, 

although embodiments are not so limited, the depth of the second reference point 

10 305-2 at 2600 seconds is 8138 feet, and as such, the amplitude Adoumie at 8138 

feet is equal to the peak amplitude Adoubie. Further, the distance from the first 

reference point 305-1 to the second reference point 305-2 is known to be 36 

inches, as discussed herein. Therefore, since the peak amplitude Adoumie values 

aligns with a time shift of 182 seconds and the Adoubie values are equal at the 

15 same depth, it is known that the first reference point 305-1 traveled 36 inches in 

the time frame of 182 seconds. This can further provide an approximate velocity 

of the tool or drill bit of about 36 inches/182 seconds or 0.1978 inches/second.  

[0044] Additionally, the real-time time-depth shift aligning the peak 

amplitude Adouile measurements of the antenna sets 602 and 604 can provide the 

20 depth of the remaining reference point 305-1. The calculated depth for the Tup

Rup measurement reference point 305-1 at 2782 seconds is equal to the depth of 

the second reference point minus the known distance between the two reference 

points or 8135 feet (e.g., 8138 ft. -36 inches). That is, for this example the time 

delay for Tup-Rup measurement 602 is 182 seconds, indicating a physical depth 

25 delay of 36 inches (e.g., 322-1 in FIG. 3). Referencing the plot of FIG. 7 the 

drill bit depth device indicates 35.68 inches in real-time depth measurements 

over a 182 second time frame. This difference can be reduced by installing the 

tilted antenna set Tdn-Rd, at drill bit or closer to the drill bit so that all calculated 

depth measurements for other antenna sets, such as Tup-Rup signals, can be 

30 referenced to real-time bit depth. In another example, the depth measurement 

device can be installed at a reference point, such that all other antenna sets can 

acquire calculated real-time depths by using proposed alignment methods in 

time-domain signals and reference the depth measurement device at the 

reference point. It should be noted, that due to stick slip or the like, the provided 
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real-time depth measurements in FIG. 7 can register the same depth (in x axis of 

FIG. 7) over a given time frame (in y axis of FIG. 7).  

[00451 FIGS. 8A and 8B illustrate one method of time-shifting, in real

time, downhole measurements. For example, sample variance SN of each signal 

5 can be used to align the Tup-Rup and Tdn-Rd, field response, where: 

SN =i -( ) 2 (3) 

where, xi is the signal at point I, N is the number of selected points and x is the 

sample mean within the selected points. As discussed in connection with Eq.  

(1), the amplitude Adoubie, in theory, remains the same relative to the same 

10 spacing and same operating frequency measurement at the same downhole 

location. However, in practice the amplitude Adoubie can vary due to temperature 

effects, drilling conditions, or system noises. By using sample variance SN to 

align the field responses of Tup-Rup and Tdn-Rd, the effect of these variances can 

be reduced. FIG. 8A illustrates a plot of the sample variances SN of each field 

15 measurement for both Tup-Rup 802 and Tan-Ran 804 for the measurements in FIG.  

6. The selected points N can be defined as a time window corresponding to a 

peak, such as, for example, the peak around 2600 seconds shown in FIG. 6.  

Further, a slope of each individual signal can be calculated and used to correlate 

the responses from Tup-Rup and Tdn-Rd,. Other pattern recognition techniques 

20 understood in the art can be employed to correlation the signals of Tup-Rup and 

Tdn-Rd,. In an example, the selected points N can be defined by a user 

preference. That is, the Tup-Rup 602 and Td1-R±1 604 can be correlated (e.g., time 

shift) according to similarity or a common parameter, as described herein.  

[0046] A single time-domain shift can be calculated over the selected 

25 time window. As such, the more time data collected (e.g., a larger time window) 

the more similarities can be determined and a better alignment between Tup-Rup 

and Tdn-R&1 signals can be achieved. However, the less time data collected (e.g., 

a smaller time window) can improve accuracy of LWD depth measurements 

while drilling. In theory, the calculated depth shift based on time-domain should 

30 be the same as the actual distance (e.g., 322-1, 322-2). However, temperature or 

pressure within the well (e.g., 102, FIG. 1) can affect the distance 322-1 or 322

2, such as increasing or decreasing the distance. The time-domain shift 

mechanism herein can determine that difference, if any. As seen in FIG. 8A, and 
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discussed herein, there is a time delay of 182 between the measurements 802 and 

804. FIG. 8B shifts the measurements associated with Tdn-Rd. 804 antenna set 

down (e.g., ahead in time) 182 seconds, in order to align with the measurements 

associated with Tup-Rup 802 antenna set. In an example, the measurements 802 

5 can shift upward (e.g., back in time) or the two measurement plots 802 and 804 

could both shift so as to combine for a total shift of 182 seconds.  

[00471 In an example, due to the tilted antenna configuration and the 

related Eq. (1), amplitude of Adoubie in real-time can be utilized to correlate Tup

Rup measurement and Tdn-R&. measurement without knowing corresponding 

10 depth records of the upper antenna set and lower antenna set. For example, at 

least one of Tup-Rup or T&-Rdn antenna sets can be a known distance from the 

drill bit, including a depth measurement device of the drill bit. Further, the 

distance between Tup-Rup and T-Ran can be known. The time-shift determined 

to produce FIG. 8B can be correlated with the known distance between the drill 

15 bit and the at least one tilted antenna set, as described herein.  

[00481 FIGS. 9A and 9B illustrate that formation properties determined 

with the time-shift mechanism, described herein in connection with FIGS. 6-8B, 

correlates with different techniques, such as a depth shift mechanism. For 

example, determination on formation properties (e.g., Rh and Rv) can be 

20 achieved based on asymmetrical antenna structure and depth delay 

compensation. Other shift mechanisms, such as a depth shift denoted by solid 

line 902 in FIGS. 9A and 9B, are available in post-processing due to the 

requirement of high depth accuracy in real-time application. The proposed time

domain shift mechanism described herein can provide formation properties post

25 process or real-time, as shown by dashed line 904 in FIGS. 9A and 9B.  

[0049] FIG. 10 illustrates a module configuration 1000 embodiment 

including a plurality of tilted antenna configuration modules 1002-(N-i),....  

1002-N ... 1002-(N+i), wherein N represents any number of modules 1002 and 

(i) represents position relative to module N, such as -i,-3, -4, -2, -1, +1, +2, +3, 

30 +4, such that a positive (i) position represents a location further downhole 

toward a drill bit 1111. In such an example, each module can include a single 

transmitter and a single receiver, wherein each module is operated at a 

substantially similar frequency to produce a corresponding measurement and 

wherein the separation between the transmitter and the receiver of each module 
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is the same. Such a configuration, can have the time-shifting mechanism, 

described herein, applied to the multiple measurements (e.g., at least two) from 

the available multiple modules. Although multiple modules 1002-(N-i),....  

1002-N ... 1002-(N+i) are shown, it is contemplated that the tool (e.g., 302, 

5 FIG. 3) can include a single module. In such an example, the single module 

includes at least two transmitters and at least one receiver operated at 

substantially the same operating frequency such that two measurements can be 

provided at the receiver (e.g., from each transmitter). Substantially similar 

frequencies include frequencies with about 5%, about 2%, about 1%, or about 

10 0.5% or less than one another. As shown, each module 1002 can include at least 

one transmitter antenna 1008 and at least one receiver antenna 1010, each 

transmitter antenna 1008 and receiver antenna 1010 tilted relative to the 

longitudinal axis 1012. The transmitter antennas 1008 and receiver antennas 

1010 can be configured as described herein. That is, the position of the 

15 transmitter 1008 or receiver 1010 can be flipped or switched in each module 

1002-(N-i),... 1002-N ... 1002-(N+i).  

[00501 As shown, a distance 1115 can be known between a depth 

measurement device 1113 of the drill bit 1111 and a known location, such as a 

center 1004, of the module 1002-N, where the center point 1004 can include a 

20 processor as described herein.  

[00511 As described herein in connection with FIGS. 6 and 7, at the 

recording start time (e.g., time 0) the depth of the depth measurement device 

1113 can be taken. Further, at the recording start time the transmitters of the 

modules 1008-(N-i) . .. 1008-N . .. 1008-(N+i) can begin discreetly or 

25 continuously recording voltage or amplitude Adouible. After the desired number of 

amplitude measurements have been obtained a time shift between the transmitter 

1008-N and other transmitters 1008-(N-i) . . . 1008-(N+i) can be determined as 

described herein. For example, a transmitter 1008-(N-i) can be considered Tup at 

a known distance 1006-(N-i) from transmitter 1008-N, or Td. Because the 

30 distance between 1008-N and 1113 is known, 1115, the depth at the initial 

recording time of T& can also be known by a simple addition. Applying the 

known distance 1006-(N-i) between the transmitters 1008-(N-i) and 1008-N, 

along with the calculated time-shift, the depth of each transmitter can be 

determined in real time.  
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[00521 FIG. 11 illustrates a block diagram of method 1100 for aligning a 

plurality of downhole electromagnetic measurements, such as in real-time or 

post drilling process. At 1102, a first transmitter antenna along a longitudinal 

axis of an arrangement can be activated at an initial time. The first transmitter 

5 antenna can be configured to operate at an operating frequency, as described 

herein. At 1104, a second transmitter antenna, along the longitudinal axis of the 

arrangement, and disposed from the first transmitter antenna, can be activated at 

the initial time. In an example, the second transmitter antenna can be configured 

to operate at substantially the same operating frequency. The first and second 

10 transmitter antennas can be tilted with respect to the longitudinal axis, as 

described herein.  

[0053] At 1106, a first plurality of azimuthal measurements can be 

collected in real-time, such as at a first receiver along the longitudinal axis. The 

first receiver antenna can be tilted with respect to the longitudinal axis. The first 

15 receiver and the first transmitter antenna can be a known distance apart, such 

that a first reference point is located equidistant between the first receiver 

antenna and first transmitter antenna. The first plurality of azimuthal 

measurements can be associated with the first transmitter antenna, such as the 

first reference point.  

20 [0054] At 1108, a second plurality of azimuthal measurements can be 

collected in real-time, such as at a second receiver along the longitudinal axis.  

The second receiver antenna can be tilted with respect to the longitudinal axis.  

The second receiver and the second transmitter antenna can be a known distance 

apart, such that a second reference point is located equidistant between the 

25 second receiver antenna and second transmitter antenna. The second plurality of 

azimuthal measurements can be associated with the second transmitter antenna, 

such as the second reference point. The first plurality of azimuthal 

measurements and the second plurality of signals can be offset from each other 

in the time-domain, such as described herein. In an example, the distance 

30 between the first transmitter antenna and the first receiver antenna can be 

substantially equal to the distance between the second transmitter antenna and 

the second receiver antenna. Substantial equal distances include distances 

within about 5%, about 2%, about 1%, or about 0.5% or less of each other.  

Further, in an example, the first and second receiver antennas can be a known 
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distance apart, such that the first and second reference points are a known 

distance apart.  

[00551 Further, once the first and second transmitter/receiver antennas 

are activated they can run continuously or discreetly, such as at a given interval.  

5 The arrangement of transmitters and receivers can be included on a tool, such as 

tool 302 of FIG. 3 and described herein.  

[00561 The first and second plurality of azimuthal measurements can be 

collected over a predetermined time interval beginning from the initial recording 

time. For example, from the beginning of a drilling operation to the end of a 

10 drilling operation or any time interval therein. In an example, collecting the 

plurality of azimuthal measurements can include collecting within time-domain, 

such that each measurement of the plurality of azimuthal measurements is 

associated with a time, the first transmitter/receiver antennas or the second 

transmitter/receiver antenna, and amplitude. That is, the each collected 

15 measurement can be associated with the respective transmitter antenna and the 

respective receiver antenna.  

[00571 At 1110, the first plurality of azimuthal measurements can be 

processed to produce a corresponding first plurality of higher order mode 

signals, such as Adoubic signals. At 1112, the second plurality of azimuthal 

20 measurements can be processed to produce a corresponding second plurality of 

higher order mode signals, such as Adouile signals.  

[0058] At 1114, the first plurality of signals and the second plurality of 

signals can be aligned in the time-domain by a time shift. In various methods 

associated with the method 1100, aligning 1114 can include identifying a 

25 similarity between the first plurality of signals and the second plurality of signals 

and time-shifting the first or second plurality signals such that the identified 

similarity of the first and the second plurality of signals corresponds to the time

domain of either the first plurality of signals or the second plurality of signals. A 

similarity can include at least one of a peak, a slope, a sample variance, a 

30 derivate, and other pattern classification algorithms configured to recognize 

similarity, patterns or the like.  

[00591 In various methods associated with the method 1100, the method 

can include determining a common parameter, including at least one of a slope, a 

peak, and a sample variance, of at least a portion of the first plurality of signals 
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and at least a portion of the second plurality of signals and. correlating the 

portion of the first plurality of signals and the portion of the second plurality of 

signals in the time-domain based on the common parameter. In an example, the 

sample variances can be correlated such that the responses of the first transmitter 

5 antenna or the second transmitter antenna can be time shifted. By using the 

sample variance method, the benefit of at least reducing system variances, such 

as temperature effects, drilling conditions, or system noises.  

[0060] In various methods associated with the method 1100, the 

calculated time-domain shift, as described herein, can be used in connection with 

10 a depth measurement to determine in real-time the depth of the tool, including 

the transmitters and receivers. In an example, the method 1100 can include 

obtaining, at a drill bit, a drill bit depth measurement at the initial recording 

time. The drill bit depth measurement can be taken discretely or continuously 

over the time interval. The drill bit can be a known distance from at least one of 

15 the first and second reference points. Further, the depth of the drill bit, such as 

from the drill bit depth measurements, can be correlated with the depth of at 

least one of the first and second reference points, as described herein.  

[00611 In an example, the time-shift can be correlated to the known 

distance between the first and second reference points, so as to determine a 

20 velocity of the tool, as described herein.  

[0062] In an example the method can include: 1)obtaining a drill bit 

depth of a drill bit at an initial recording time; 2) collecting, in real-time, a first 

plurality of electromagnetic measurements at an operating frequency from a first 

tilted transmitter antenna and a first tilted receiver antenna, separated from each 

25 other by a first longitudinal distance and disposed equidistant about a first 

reference point, the first reference point a known second longitudinal distance 

from the drill bit; 3) collecting, in real-time, a second plurality of 

electromagnetic measurements, at substantially the same operating frequency, 

from a second tilted transmitter antenna and a second tilted receiver antenna, 

30 separated by substantially the same first longitudinal distance and disposed 

equidistant from a second reference point, different than the first reference point; 

4) collecting, in real-time, a third plurality of electromagnetic measurements, at 

substantially the same operating frequency, from a third tilted transmitter 

antenna and a third tilted receiver antenna, separated by substantially the same 
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first longitudinal distance and disposed equidistant about a third reference point, 

different than the first and second reference points; 5) processing the first, 

second, and third plurality of electromagnetic measurements to produce a 

corresponding first, second, and third plurality of Adouibl signals, respectively; 6) 

5 determining a depth of the first reference point, based on the drill bit depth at the 

initial recording time and the known second distance; 7) aligning the first 

plurality of Adouible signals with the second plurality of Adouible signals in the time

domain by a first time-shift; and 8) aligning the first plurality of Adouible signals 

with the third plurality of Adoubic signals in the time-domain by a second time

10 shift. The exemplary method described herein is numbered for ease of 

organization and should not be taken as limiting and order in which the method 

can be performed.  

[0063] The method 1100, as well as the various methods described in 

association with the method 100, can include a logging-while-drilling method.  

15 [0064] FIG. 12 depicts a block diagram of features of an example system 

1200 having a processing unit and a tool to operatively provide measurements to 

align real-time signals. System 1210 includes a sensor tool 1205 having an 

arrangement of transmitters 1215 and receivers 1210 in which measurement 

signals can be acquired in the arrangement of transmitters and receivers in 

20 response to activating one or more transmitters in the arrangement, where 

processing the collected signals from the receivers and transmitter provides 

measurements such that the tool can determine a depth measurement without the 

use of a dedicated depth measurement device. An implementation of sensor tool 

1205 can provide an asymmetric antenna LWD tool, which may not be 

25 physically implementable directly as a LWD tool. The arrangements of 

transmitters and receivers of sensor tool 1205 can be realized in similar or 

identical manner to arrangements discussed herein.  

[00651 System 1200 can also include a controller 1262, a memory 1264, 

an electronic apparatus 1268, and a communications unit 1266. Controller 1262, 

30 memory 1264, and communications unit 1266 can be arranged to control 

operation of sensor tool 1205 in a manner similar or identical to a processing 

unit discussed herein. Various components of system 1200 can operate together 

as a processing unit to provide control and processing for sensor tool 1205 to 

correlate a first tilted antenna position with a second antenna position in time
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domain. Controller 1262, memory 1264, and electronic apparatus 1268 can be 

realized to activate transmitter antennas and receiver antennas in accordance 

with measurement procedures and signal processing as described herein.  

Communications unit 1266 can include downhole communications in a drilling 

5 operation. Such downhole communications can include a telemetry system.  

[0066] System 1200 can also include a bus 1263, where bus 1263 

provides electrical conductivity among the components of system 1200. Bus 

1263 can include an address bus, a data bus, and a control bus, each 

independently configured. Bus 1263 can also use common conductive lines for 

10 providing one or more of address, data, or control, the use of which can be 

regulated by controller 1262. Bus 1263 can be configured such that the 

components of system 1200 are distributed. Such distribution can be arranged 

between downhole components such as transmitters and receivers of sensor tool 

1205 and components that can be disposed on the surface. Alternatively, the 

15 components can be co-located such as on one or more collars of a drill string or 

on a wireline structure.  

[00671 In various embodiments, peripheral devices 1267 can include 

displays, additional storage memory, and/or other control devices that may 

operate in conjunction with controller 1262 and/or memory 1264. In an 

20 embodiment, controller 1262 is a processor. Peripheral devices 1267 can be 

arranged with a display can be used with instructions stored in memory 1264 to 

implement a user interface to manage the operation of sensor tool 1205 and/or 

components distributed within system 1200. Such a user interface can be 

operated in conjunction with communications unit 1266 and bus 1263. Various 

25 components of system 1200 can be integrated with sensor tool 1205 such that 

processing identical to or similar to the processing schemes discussed with 

respect to various embodiments herein can be performed downhole in the 

vicinity of the measurement.  

[0068] The phrase "processor-readable medium" shall be taken to 

30 include any tangible non-transitory device which is capable of storing or 

encoding a sequence of instructions for execution by the machine and that causes 

the machine to perform any one of the described and/or claimed methodologies.  

Such a processor-readable medium includes a machine-readable medium or 

computer readable medium. The term "non-transitory medium" expressly 
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includes all forms of storage devices, including drives (optical, magnetic, etc.) 

and all forms of memory devices (e.g., Dynamic Random Access Memory 

(DRAM), Flash (of all storage designs, including NAND or NOR topologies), 

Static Random Access Memory (SRAM), Magnetic Random Access Memory 

5 (MRAM), phase change memory, etc., as well as all other structures designed to 

store information of any type for later retrieval.  

[0069] In an electrical context, use of the phrase "coupled" or "coupling" 

may refer to either direct coupling, such as conductive electrical coupling (e.g., 

as in the example of excitation currents conductively coupled into a formation), 

10 or indirect coupling (e.g., wireless, reactive, or electromagnetic coupling). In the 

mechanical context, "coupled" or "coupling" may refer to a direct mechanical 

connection, or an indirect mechanical connection through one or more other 

mechanical portions of an example.  

[00701 FIG. 13 illustrates generally an example of a drilling apparatus 

15 1300, such as including a measure-while-drilling (MWD) or log-while-drilling 

(LWD) capability. The illustrative example of FIG. 13 may include apparatus 

such as shown in FIG. 3, or may be used with techniques discussed in relation to 

FIGS. 4 - 9. A drilling rig or platform 1302 generally includes a derrick 1304 or 

other supporting structure, such as including or coupled to a hoist 1306. The 

20 hoist 1306 may be used for raising or lowering equipment or other apparatus 

such as drill string 1308. The drill string 1308 may access a borehole 1316, such 

as through a well head 1312. The lower end of the drill string 1308 may include 

various apparatus, such as a drill head 1314, such as to provide the borehole 

1316.  

25 [00711 A drilling fluid or "mud" may be circulated in the annular region 

around the drill head 1314 or elsewhere, such as provided to the borehole 1316 

through a supply pipe 1322, circulated by a pump 1320, and returning to the 

surface to be captured in a retention pit 1324 or sump. Various subs or tool 

assemblies may be located along the drill string 1308, such as include a bottom 

30 hole assembly (BHA) 1326 or a second sub 1328.  

[0072] As the BHA 1326 or second sub 1328 pass through various 

regions of a formation 1318, information may be obtained. For example, the 

BHA 1326, or the second sub 1328, may include apparatus such as shown in the 

examples of FIG. 3, such as to obtain a depth measurement. The second sub 
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1328 may include wireless telemetry or logging capabilities, or both, such as to 

transmit or later provide information indicative of a formation resistivity to 

operators on the surface or for later access in evaluation of formation 1318 

properties, including depth. For example, portions 1330 of the apparatus 1300 at 

5 the surface may include one or more of wireless telemetry, processor circuitry, 

or memory facilities, such as to support log-while-drilling (LWD) or 

measurement-while-drilling (MWD) operations.  

[0073] FIG. 14 illustrates generally an example of a wireline logging 

apparatus. The illustrative example of FIG. 14 may include apparatus such as 

10 shown in FIG. 3, or may be used with techniques discussed in relation to FIGS. 4 

- 9. Similar to the example of FIG. 13, a hoist 1406 may be included as a 

portion of a platform 1402, such as coupled to a derrick 1404, and used to raise 

or lower equipment such as a wireline sonde 1450 into or out of a borehole. In 

this wireline example, a cable 1442 may provide a communicative coupling 

15 between a logging facility 1444 (e.g., including a processor circuit 1445 or other 

storage or control circuitry) and the sonde 1450. In this manner, information 

about the formation 1418 may be obtained, such as using an array laterolog tool 

included as at least a portion of the sonde 1450 as discussed in other examples 

herein.  

20 [0074] For purposes of illustration, the examples of FIGS. 13 and 14 

show a vertically-oriented borehole configuration. However, the apparatus and 

techniques described herein may also be used in other borehole configurations, 

such as a borehole including a horizontal penetration direction, or an oblique 

borehole configuration, for example. The examples of FIGS. 13 and 14 also 

25 generally illustrate land-based examples. But, apparatus and techniques 

described herein may be used in offshore environments as well, such as for 

subsea operations. In particular, offshore or subsea operations may include use 

of wireline or LWD/MWD apparatus and techniques including aspects of the 

examples herein.  

30 [00751 To better illustrate the apparatus and method for aligning 

downhole measurements disclosed herein, a non-limiting list of examples is 

provided: 

[0076] Example Ican include a method of aligning a plurality of 

downhole electromagnetic measurements, comprising: activating, at an 
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initial recording time, a first transmitter antenna in an arrangement along a 

longitudinal axis, the first transmitter antenna activated at an operating 

frequency; activating, at the initial recording time, a second transmitter antenna 

in the arrangement, the second transmitter antenna disposed longitudinally from 

5 the first transmitter antenna along the longitudinal axis, the second transmitter 

antenna activated at substantially the same operating frequency as the first 

transmitter antenna; collecting at a first receiver antenna a first plurality of 

azimuthal measurements associated with the first transmitter antenna; collecting 

at a second receiver antenna a second plurality of azimuthal measurements 

10 associated with the second transmitter antenna; processing the first plurality of 

azimuthal measurements to produce a corresponding first plurality of higher 

order mode signals; processing the second plurality of azimuthal measurements 

to produce a corresponding second plurality of higher order mode signals; and 

aligning the first plurality of higher order mode signals and the second plurality 

15 of higher order mode signals in the time-domain by a time-shift.  

[00771 Example 2 can include, or can optionally be combined with the 

subject matter of Example 1, wherein the first and second transmitter antennas 

are separated by the first and second receiver antennas and arranged along the 

longitudinal axis of a tool with the first transmitter antenna, the second 

20 transmitter antenna, the first receiver antenna, and the second receiver antenna 

having a non-zero angle with respect to the longitudinal axis.  

[0078] Example 3 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 1-2, wherein a first 

longitudinal distance from the first transmitter antenna to the first receiver 

25 antenna is substantially equal to a second longitudinal distance from the second 

transmitter antenna to the second receiver antenna.  

[00791 Example 4 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 1-3, wherein the 

operating frequency is selected according to the first or second longitudinal 

30 distance.  

[0080] Example 5 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 1-4, wherein the first 

transmitter antenna and the first receiver antenna are spaced approximately 

equidistant from a first reference point, wherein the first plurality of higher order 
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mode signals is associated with the first reference point; and the second 

transmitter antenna and the second receiver antenna are spaced approximately 

equidistant from a second reference point, wherein the second plurality of higher 

order mode signals is associated with the second reference point.  

5 [0081] Example 6 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 1-5, wherein the first and 

second plurality of azimuthal measurements are collected over a predetermined 

time interval.  

[0082] Example 7 can include, or can optionally be combined with the 

10 subject matter of one or any combination of Examples 1-6, wherein the aligning 

further comprises: identifying a similarity as an identified similarity between the 

first plurality of higher order mode signals and the second plurality of higher 

order mode signals; and time-shifting the first or second plurality of higher order 

mode signals such that the identified similarity corresponds to the time-domain 

15 of either the first plurality of higher order mode signals or the second plurality of 

higher order mode signals.  

[00831 Example 8 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 1-7, wherein the aligning 

further comprises: determining a common parameter, including at least one of a 

20 slope, a peak, or a sample variance, of at least a portion of the first plurality of 

higher order mode signals and at least a portion of the second plurality of higher 

order mode signals; and correlating the portion of the first plurality of higher 

order mode signals and the portion of the second plurality of higher order mode 

signals in the time-domain based on the common parameter.  

25 [0084] Example 9 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 1-8, obtaining, at a drill 

bit, a drill bit depth measurement at approximately the initial recording time.  

[00851 Example 10 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 1-9, obtaining the drill bit 

30 depth measurement over the predetermined time interval.  

[0086] Example 11 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 1-10, wherein a 

longitudinal distance between the drill bit and at least one of the first or second 

reference points is predetermined 
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[00871 Example 12 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 1-11, correlating a depth 

of at least one of the first or second reference points with the drill bit depth 

measurement.  

5 [0088] Example 13 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 1-12, correlating the time

shift to a distance between the first and second reference points so as to 

determine a velocity of the tool.  

[00891 Example 14 can include a method of aligning a plurality of 

10 downhole electromagnetic measurements, comprising: activating, at an initial 

recording time and an operating frequency, a first transmitter antenna in an 

arrangement along a longitudinal axis, the first transmitter antenna tilted with 

respect to the longitudinal axis; activating, at the initial recording time and a 

substantially similar operating frequency, a second transmitter antenna in the 

15 arrangement, the second transmitter antenna disposed longitudinally from the 

first transmitter antenna along the longitudinal axis, the second transmitter 

antenna tilted with respect to the longitudinal axis; collecting, at a receiver 

antenna, a first plurality of azimuthal measurements associated with the first 

transmitter antenna, and a second plurality of azimuthal measurements 

20 associated with the second transmitter antenna, wherein the first plurality of 

azimuthal measurements and the second plurality of azimuthal measurements are 

offset from each other in the time-domain, wherein the receiver antenna is 

located between the first and second transmitter antennas, the receiver antenna 

tilted with respect to the longitudinal axis; 

25 processing the first plurality of azimuthal measurements to produce a 

corresponding first plurality of higher order mode signals; processing the second 

plurality of azimuthal measurements to produce a corresponding second plurality 

of higher order mode signals; and aligning the first plurality of higher order 

mode signals and the second plurality of higher order mode signals in the time

30 domain.  

[0090] Example 15 can include, or can optionally be combined with the 

subject matter of Example 14, wherein the arrangement includes the first and 

second transmitter antennas separated by the receiver antenna, wherein a first 

longitudinal distance from the first transmitter antenna to the receiver antenna is 
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substantially equal to a second longitudinal distance from the second transmitter 

antenna to the receiver antenna, such that the receiver antenna is located at a 

longitudinal center point.  

[0091] Example 16 can include, or can optionally be combined with the 

5 subject matter of one or any combination of Examples 14-15, wherein the 

operating frequency is selected according to the first or second longitudinal 

distance.  

[0092] Example 17 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 14-16, wherein: the first 

10 transmitter antenna and the receiver antenna are spaced approximately 

equidistant from a first reference point, wherein the first plurality of higher order 

mode signals is associated with the first reference point; and the second 

transmitter antenna and the receiver antenna are spaced approximately 

equidistant from a second reference point, wherein the second plurality of higher 

15 order mode signals is associated with the second reference point.  

[0093] Example 18 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 14-17, wherein the first 

and second plurality of azimuthal measurements are collected over a 

predetermined time interval.  

20 [0094] Example 19 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 14-18, wherein the 

aligning further comprises: identifying a similarity as an identified similarity 

between the first plurality of higher order mode signals and the second plurality 

of higher order mode signals; and time-shifting the first or second plurality of 

25 higher order mode signals such that the identified similarity of the first and the 

second plurality of higher order mode signals corresponds in the time-domain of 

either the first plurality of higher order mode signals or the second plurality of 

higher order mode signals.  

[00951 Example 20 can include, or can optionally be combined with the 

30 subject matter of one or any combination of Examples 14-19, wherein the 

aligning further comprises: determining a common parameter, including at least 

one of a slope, a peak, or a sample variance, of at least a portion of the first 

plurality of higher order mode signals and at least a portion of the second 

plurality of higher order mode signals; and correlating the portion of the first 
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plurality of higher order mode signals and the portion of the second plurality of 

higher order mode signals in the time-domain based on the common parameter.  

[00961 Example 21 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 14-20, obtaining, at a drill 

5 bit, a drill bit depth measurement at approximately the initial recording time.  

[00971 Example 22 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 14-21, obtaining the drill 

bit depth measurement over the predetermined time interval.  

[0098] Example 23 can include, or can optionally be combined with the 

10 subject matter of one or any combination of Examples 14-22, wherein a 

longitudinal distance between the drill bit and at least one of the first or second 

reference points is known.  

[0099] Example 24 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 14-23, correlating the 

15 depth of at least one of the first or second reference points with the drill bit 

depth.  

[00100] Example 25 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 14-24, correlating the 

time-shift to a distance between the first and second reference points so as to 

20 determine a velocity of a tool.  

[00101] Example 26 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 14-25, processing the 

aligned first and second plurality of higher order mode signals to provide a 

formation resistivity measurement.  

25 [00102] Example 27 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 14-26, wherein the 

method is conducted during a logging-while-drilling operation.  

[00103] Example 28 can include a machine-readable storage medium 

having instructions stored thereon, which, when, performed by a machine, cause 

30 the machine to perform the method of with the subject matter of one or any 

combination of Examples 1-27.  

[00104] Example 29 can include an apparatus to align a plurality of 

downhole electromagnetic measurements, comprising: a tool having an 

arrangement of transmitter antennas and receiver antennas, each transmitter 
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antenna configured to operate at a substantially similar operating frequency, 

along a longitudinal axis of the tool, the tool including: a first and a second tilted 

transmitter antenna, the first tilted transmitter antenna disposed longitudinally 

above the second tilted transmitter antenna; a first tilted receiver antenna 

5 disposed a predetermined first distance from the first tilted transmitter antenna, 

the first tilted transmitter antenna and the first tilted receiver antenna spaced 

approximately equidistant from a first reference point; and a second tilted 

receiver antenna disposed a predetermined second distance from the second 

tilted transmitter antenna, the second tilted transmitter antenna and the second 

10 tilted receiver antenna spaced approximately equidistant from a second reference 

point, wherein the first and second reference points are disposed a predetermined 

third distance from each other; a drill bit, including a depth measurement device, 

wherein the depth measurement device is located at a fourth distance from at 

least one of the first or second reference points; and a processing unit configured 

15 to control activation of the transmitter antennas and the receiver antennas and to 

process a first plurality of electromagnetic measurements associated with the 

first reference point and a second plurality of electromagnetic measurements 

associated with the second reference point.  

[001051 Example 30 can include the subject matter of Example 29 

20 wherein the processing unit is configured to operate according to one or any 

combination of Examples 1-28.  

[00106] Example 31 can include an apparatus to align a plurality of 

downhole electromagnetic measurements, comprising: a first transmitter 

antenna located along a longitudinal axis of a tool, the first transmitter antenna 

25 configured to operate at a first operating frequency, the first transmitter antenna 

tilted with respect to the longitudinal axis; a second transmitter antenna located 

along the longitudinal axis of the tool, the second transmitter antenna configured 

to operate at substantially the same operating frequency, the second transmitter 

antenna tilted with respect to the longitudinal axis; a receiver antenna located 

30 along the longitudinal axis and tilted with respect to the longitudinal axis, the 

receiver antenna disposed a first distance from the first transmitter antenna, a 

first reference point being located along the first distance and approximately 

equidistant from the first transmitter and the receiver antenna, the receiver 

antenna disposed at a second distance, substantially equal to the first distance, 
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from the second transmitter antenna, a second reference point being located 

along the second distance and approximately equidistant from the second 

transmitter and the receiver antenna, the receiver antenna configured to provide a 

first plurality of electromagnetic measurements associated with the first 

5 reference point and a second plurality of electromagnetic measurements 

associated with the second reference point; and a drill bit, including a depth 

measurement device, wherein the depth measurement device is a located at a 

predetermined distance from at least one of the first or second reference points; 

and a processing unit configured to control activation of the transmitter antennas 

10 and receiver antennas and to process the first and second plurality of 

electromagnetic measurements associated with the transmitter antennas and 

receiver antennas.  

[001071 Example 32 can include the subject matter of Example 31 

wherein the processing unit is configured to operate according to one or any 

15 combination of Examples 1-28.  

[00108] Example 33 can include a method of aligning a plurality of 

downhole electromagnetic measurements, comprising: obtaining a drill bit depth 

of a drill bit at an initial recording time; collecting a first plurality of 

electromagnetic measurements at an operating frequency from a first tilted 

20 transmitter antenna and a first tilted receiver antenna, separated from each other 

by a first longitudinal distance and disposed approximately equidistant about a 

first reference point, the first reference point located at a second longitudinal 

distance from the drill bit; collecting a second plurality of electromagnetic 

measurements, at substantially the same operating frequency, from a second 

25 tilted transmitter antenna and a second tilted receiver antenna, separated by 

substantially the same first longitudinal distance and disposed approximately 

equidistant from a second reference point, different than the first reference point; 

collecting a third plurality of electromagnetic measurements, at substantially the 

same operating frequency, from a third tilted transmitter antenna and a third 

30 tilted receiver antenna, separated by substantially the same first longitudinal 

distance and disposed approximately equidistant about a third reference point, 

different than the first and second reference points; processing the first, second, 

and third plurality of electromagnetic measurements to produce a corresponding 

first, second, and third plurality of higher order mode signals, respectively; 
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determining a depth of the first reference point, based on the drill bit depth at the 

initial recording time and the second distance; aligning the first plurality of 

higher order mode signals with the second plurality of higher order mode signals 

in the time-domain by a first time-shift; and aligning the first plurality of higher 

5 order mode signals with the third plurality of higher order mode signals in the 

time-domain by a second time-shift.  

[00109] Example 34 can include, or can optionally be combined with the 

subject matter of Example 33, wherein aligning the first plurality of higher order 

mode signals with second plurality of higher mode signals includes: determining 

10 a common parameter, including at least one of a slope, a peak, or a sample 

variance, of at least a portion of the first plurality of higher order mode signals 

and at least a portion of the second plurality of higher order mode signals; and 

correlating the portion of the first plurality of higher order mode signals and the 

portion of the second plurality of higher order mode signals in the time-domain 

15 based on the common parameter.  

[00110] Example 35 can include, or can optionally be combined with the 

subject matter of one or any combination of Examples 33-34, wherein aligning 

the first plurality of higher order mode signals with the third plurality of higher 

mode signals includes: determining a common parameter, including at least one 

20 of a slope, a peak, or a sample variance, of at least a portion of the first plurality 

of higher order mode signals and at least a portion of the third plurality of higher 

order mode signals; and correlating the portion of the first plurality of higher 

order mode signals and the portion of the third plurality of higher order mode 

signals in the time-domain based on the common parameter.  

25 [001111 Example 36 can include, or can optionally be combined with any 

portion or combination of portions of any one or more of Examples 1-35 to 

include, subject matter of the present apparatus and method for aligning 

downhole measurements.  

[00112] The accompanying drawings that form a part hereof, show by 

30 way of illustration, and not of limitation, specific embodiments in which the 

subject matter may be practiced. The embodiments illustrated are described in 

sufficient detail to enable those skilled in the art to practice the teachings 

disclosed herein. Other embodiments may be utilized and derived therefrom, 

such that structural and logical substitutions and changes may be made without 
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departing from the scope of this disclosure. This Detailed Description, therefore, 

is not to be taken in a limiting sense, and the scope of various embodiments is 

defined only by the appended claims, along with the full range of equivalents to 

which such claims are entitled.  

5 [001131 Such embodiments of the inventive subject matter may be 

referred to herein, individually and/or collectively, by the term "invention" 

merely for convenience and without intending to voluntarily limit the scope of 

this application to any single invention or inventive concept if more than one is 

in fact disclosed. Thus, although specific embodiments have been illustrated and 

10 described herein, it should be appreciated that any arrangement calculated to 

achieve the same purpose may be substituted for the specific embodiments 

shown. This disclosure is intended to cover any and all adaptations or variations 

of various embodiments. Combinations of the above embodiments, and other 

embodiments not specifically described herein, will be apparent to those of skill 

15 in the art upon reviewing the above description.  

[00114] The embodiments are submitted with the understanding that they 

will not be used to interpret or limit the scope or meaning of the claims. In 

addition, in the foregoing Detailed Description, it can be seen that various 

features are grouped together in a single embodiment for the purpose of 

20 streamlining the disclosure. This method of disclosure is not to be interpreted as 

reflecting an intention that the claimed embodiments require more features than 

are expressly recited in each claim. Rather, as the following claims reflect, 

inventive subject matter lies in less than all features of a single disclosed 

embodiment. Thus the following claims are hereby incorporated into the 

25 Detailed Description, with each claim standing on its own as a separate 

embodiment.  
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THE CLAIMED INVENTION IS: 

1. A method of aligning a plurality of downhole electromagnetic 

measurements, comprising: 

activating, at an initial recording time, a first transmitter antenna in an 

arrangement along a longitudinal axis, the first transmitter antenna activated at 

an operating frequency; 

activating, at the initial recording time, a second transmitter antenna in 

the arrangement, the second transmitter antenna disposed longitudinally from the 

first transmitter antenna along the longitudinal axis, the second transmitter 

antenna activated at substantially the same operating frequency as the first 

transmitter antenna; 

collecting at a first receiver antenna a first plurality of azimuthal 

measurements associated with the first transmitter antenna; 

collecting at a second receiver antenna a second plurality of azimuthal 

measurements associated with the second transmitter antenna; 

processing the first plurality of azimuthal measurements to produce a 

corresponding first plurality of higher order mode signals; 

processing the second plurality of azimuthal measurements to produce a 

corresponding second plurality of higher order mode signals; 

accumulating the first plurality higher order mode signals while the first 

transmitter antenna and first receiver antenna are moved downhole, to form a 

first accumulated signal; 

accumulating the second plurality higher order mode signals while the 

second transmitter antenna and the second receiver antenna are moved downhole 

to form a second accumulated signal; and 

aligning the first plurality of higher order mode signals and the second 

plurality of higher order mode signals in the time-domain by a time-shift based 

on the first accumulated signal and the second accumulated signal.  

2. The method of claim 1, wherein the first and second transmitter antennas 

are separated by the first and second receiver antennas and arranged along the 

longitudinal axis of a tool with the first transmitter antenna, the second 
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transmitter antenna, the first receiver antenna, and the second receiver antenna 

having a non-zero angle with respect to the longitudinal axis.  

3. The method of claim 2, wherein a first longitudinal distance from the 

first transmitter antenna to the first receiver antenna is substantially equal to a 

second longitudinal distance from the second transmitter antenna to the second 

receiver antenna.  

4. The method of claim 3, wherein the operating frequency is selected 

according to the first or second longitudinal distance.  

5. The method of any preceding claim, wherein: 

the first transmitter antenna and the first receiver antenna are spaced 

approximately equidistant from a first reference point, wherein the first plurality 

of higher order mode signals is associated with the first reference point; and 

the second transmitter antenna and the second receiver antenna are 

spaced approximately equidistant from a second reference point, wherein the 

second plurality of higher order mode signals is associated with the second 

reference point.  

6. The method of any preceding claim, wherein the first and second 

plurality of azimuthal measurements are collected over a predetermined time 

interval.  

7. The method of any preceding claim, wherein the aligning further 

comprises: 

identifying a similarity as an identified similarity between the first 

plurality of higher order mode signals and the second plurality of higher order 

mode signals; and 

time-shifting the first or second plurality of higher order mode signals 

such that the identified similarity corresponds to the time-domain of either the 

first plurality of higher order mode signals or the second plurality of higher order 

mode signals.



8. The method of any one of claims 1 to 7, wherein the aligning further 

comprises: 

determining a common parameter, including at least one of a slope, a 

peak, or a sample variance, of at least a portion of the first plurality of higher 

order mode signals and at least a portion of the second plurality of higher order 

mode signals; and 

correlating the portion of the first plurality of higher order mode signals 

and the portion of the second plurality of higher order mode signals in the time

domain based on the common parameter.  

9. The method of any preceding claim, further comprising: 

obtaining, at a drill bit, a drill bit depth measurement at approximately 

the initial recording time.  

10. The method of claim 9, further comprising obtaining the drill bit depth 

measurement over the predetermined time interval.  

11. The method of claim 9 or 10, wherein a longitudinal distance between 

the drill bit and at least one of the first or second reference points is 

predetermined.  

12. The method of any one of claims 9 to 11, further comprising: 

correlating a depth of at least one of the first or second reference points 

with the drill bit depth measurement.  

13. The method of any preceding claim, further comprising: 

correlating the time-shift to a distance between the first and second 

reference points so as to determine a velocity of the tool.  

14. A method of aligning a plurality of downhole electromagnetic 

measurements, comprising: 

activating, at an initial recording time and an operating frequency, a first 

transmitter antenna in an arrangement along a longitudinal axis, the first 

transmitter antenna tilted with respect to the longitudinal axis; 
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activating, at the initial recording time and a substantially similar 

operating frequency, a second transmitter antenna in the arrangement, the second 

transmitter antenna disposed longitudinally from the first transmitter antenna 

along the longitudinal axis, the second transmitter antenna tilted with respect to 

the longitudinal axis; 

collecting, at a receiver antenna, a first plurality of azimuthal 

measurements associated with the first transmitter antenna, and a second 

plurality of azimuthal measurements associated with the second transmitter 

antenna, wherein the first plurality of azimuthal measurements and the second 

plurality of azimuthal measurements are offset from each other in the time

domain, wherein the receiver antenna is located between the first and second 

transmitter antennas, the receiver antenna tilted with respect to the longitudinal 

axis; 

processing the first plurality of azimuthal measurements to produce a 

corresponding first plurality of higher order mode signals; 

processing the second plurality of azimuthal measurements to produce a 

corresponding second plurality of higher order mode signals; 

accumulating the first plurality higher order mode signal while the first 

transmitter antenna and the first receiver antenna are moved downhole, to form a 

first accumulated signal; 

accumulating the second plurality higher order mode signals while the 

second transmitter antenna and the second receiver antenna are moved downhole 

to form a second accumulated signal; and 

aligning the first plurality of higher order mode signals and the second 

plurality of higher order mode signals in the time-domain.  

15. The method of claim 14, wherein the arrangement includes the first and 

second transmitter antennas separated by the receiver antenna, wherein a first 

longitudinal distance from the first transmitter antenna to the receiver antenna is 

substantially equal to a second longitudinal distance from the second transmitter 

antenna to the receiver antenna, such that the receiver antenna is located at a 

longitudinal center point.



16. The method of claim 15, wherein the operating frequency is selected 

according to the first or second longitudinal distance.  

17. The method of any one of claims 14 to 16, wherein: 

the first transmitter antenna and the receiver antenna are spaced 

approximately equidistant from a first reference point, wherein the first plurality 

of higher order mode signals is associated with the first reference point; and 

the second transmitter antenna and the receiver antenna are spaced 

approximately equidistant from a second reference point, wherein the second 

plurality of higher order mode signals is associated with the second reference 

point.  

18. The method of any one of claims 14 to 17, wherein the first and second 

plurality of azimuthal measurements are collected over a predetermined time 

interval.  

19. The method of any one of claims 14 to 18, wherein the aligning further 

comprises: 

identifying a similarity as an identified similarity between the first 

plurality of higher order mode signals and the second plurality of higher order 

mode signals; and 

time-shifting the first or second plurality of higher order mode signals 

such that the identified similarity of the first and the second plurality of higher 

order mode signals corresponds in the time-domain of either the first plurality of 

higher order mode signals or the second plurality of higher order mode signals.  

20. The method of any one of claims 14 to 18, wherein the aligning further 

comprises: 

determining a common parameter, including at least one of a slope, a 

peak, or a sample variance, of at least a portion of the first plurality of higher 

order mode signals and at least a portion of the second plurality of higher order 

mode signals; and 
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correlating the portion of the first plurality of higher order mode signals 

and the portion of the second plurality of higher order mode signals in the time

domain based on the common parameter.  

21. The method of any one of claims 14 to 20, further comprising: 

obtaining, at a drill bit, a drill bit depth measurement at approximately 

the initial recording time.  

22. The method of claim 21, further comprising: 

obtaining the drill bit depth measurement over the predetermined time 

interval.  

23. The method of claim 21 or 22, wherein a longitudinal distance between 

the drill bit and at least one of the first or second reference points is known.  

24. The method of claim 23, further comprising: 

correlating the depth of at least one of the first or second reference points 

with the drill bit depth.  

25. The method of any one of claims 14 to 24, further comprising: 

correlating the time-shift to a distance between the first and second 

reference points so as to determine a velocity of a tool.  

26. The method of any one of claims 14 to 25, further comprising: 

processing the aligned first and second plurality of higher order mode 

signals to provide a formation resistivity measurement.  

27. The method of any one of claims 14 to 26, wherein the method is 

conducted during a logging-while-drilling operation.  

28. A machine-readable storage medium having instructions stored thereon, 

which, when, performed by a machine, cause the machine to perform the method 

of any one of claims 14 to 27.  
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29. An apparatus to align a plurality of downhole electromagnetic 

measurements, comprising: 

a tool having an arrangement of transmitter antennas and receiver 

antennas, each transmitter antenna configured to operate at a substantially 

similar operating frequency, along a longitudinal axis of the tool, the tool 

including: 

a first and a second tilted transmitter antenna, the first tilted 

transmitter antenna disposed longitudinally above the second tilted transmitter 

antenna; 

a first tilted receiver antenna disposed a predetermined first 

distance from the first tilted transmitter antenna, the first tilted transmitter 

antenna and the first tilted receiver antenna spaced approximately equidistant 

from a first reference point; and 

a second tilted receiver antenna disposed a predetermined second 

distance from the second tilted transmitter antenna, the second tilted transmitter 

antenna and the second tilted receiver antenna spaced approximately equidistant 

from a second reference point, wherein the first and second reference points are 

disposed a predetermined third distance from each other; 

a drill bit, including a depth measurement device, wherein the depth 

measurement device is located at a fourth distance from at least one of the first 

or second reference points; and 

a processing unit configured to control activation of the transmitter 

antennas and the receiver antennas and to process a first plurality of 

electromagnetic measurements associated with the first reference point and a 

second plurality of electromagnetic measurements associated with the second 

reference point to produce, respectively, a first plurality of higher order mode 

signals and a second plurality of higher order mode signals, the processing unit 

further configured to accumulate the first plurality of higher order mode signals, 

while the first tilted transmitter antenna and the first tilted receiver antenna are 

moved downhole, to form a first accumulated signal, accumulate the second 

plurality of higher order mode signals while the second tilted transmitter antenna 

and the second tilted receiver antenna are moved downhole to form a second 

accumulated signal, and align the first plurality of higher order mode signals and



the second plurality of higher order mode signals in the time-domain by a time

shift based on the first accumulated signal and the second accumulated signal.  

30. An apparatus to align a plurality of downhole electromagnetic 

measurements, comprising: 

a first transmitter antenna located along a longitudinal axis of a tool, the 

first transmitter antenna configured to operate at a first operating frequency, the 

first transmitter antenna tilted with respect to the longitudinal axis; 

a second transmitter antenna located along the longitudinal axis of the 

tool, the second transmitter antenna configured to operate at substantially the 

same operating frequency, the second transmitter antenna tilted with respect to 

the longitudinal axis; 

a receiver antenna located along the longitudinal axis and tilted with 

respect to the longitudinal axis, the receiver antenna disposed a first distance 

from the first transmitter antenna, a first reference point being located along the 

first distance and approximately equidistant from the first transmitter and the 

receiver antenna, the receiver antenna disposed at a second distance, 

substantially equal to the first distance, from the second transmitter antenna, a 

second reference point being located along the second distance and 

approximately equidistant from the second transmitter and the receiver antenna, 

the receiver antenna configured to provide a first plurality of electromagnetic 

measurements associated with the first reference point and a second plurality of 

electromagnetic measurements associated with the second reference point; and 

a drill bit, including a depth measurement device, wherein the depth 

measurement device is located at a predetermined distance from at least one of 

the first or second reference points; and 

a processing unit configured to control activation of the transmitter 

antennas and receiver antennas and to process the first and second plurality of 

electromagnetic measurements associated with the transmitter antennas and 

receiver antennas, accumulate the first and second plurality of electromagnetic 

measurements, while the first and second transmitter and receiver antennas are 

moved downhole, to form first and second accumulated signals, and align the 

first and second plurality of electromagnetic measurements in the time-domain 

by a time-shift based on the first and second accumulated signals.  
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31. A method of aligning a plurality of downhole electromagnetic 

measurements, comprising: 

obtaining a drill bit depth of a drill bit at an initial recording time; 

collecting a first plurality of electromagnetic measurements at an 

operating frequency from a first tilted transmitter antenna and a first tilted 

receiver antenna, separated from each other by a first longitudinal distance and 

disposed approximately equidistant about a first reference point, the first 

reference point located at a second longitudinal distance from the drill bit; 

collecting a second plurality of electromagnetic measurements, at 

substantially the same operating frequency, from a second tilted transmitter 

antenna and a second tilted receiver antenna, separated by substantially the same 

first longitudinal distance and disposed approximately equidistant from a second 

reference point, different than the first reference point; 

collecting a third plurality of electromagnetic measurements, at 

substantially the same operating frequency, from a third tilted transmitter 

antenna and a third tilted receiver antenna, separated by substantially the same 

first longitudinal distance and disposed approximately equidistant about a third 

reference point, different than the first and second reference points; 

processing each of the first, second, and third plurality of electromagnetic 

measurements to produce a corresponding first, second, and third plurality of 

higher order mode signals, respectively; 

determining a depth of the first reference point, based on the drill bit 

depth at the initial recording time and the second distance; 

accumulating each of the first, second, and third plurality of higher order 

mode signals while the second transmitter antenna and the second receiver 

antenna are moved downhole to form, respectively, first, second, and third 

accumulated signals; and 

aligning the first plurality of higher order mode signals with the second 

and third plurality of higher order mode signals in the time-domain by a time

shift based on the first, second, and third accumulated signals.  

32. The method of claim 31, wherein aligning the first plurality of higher 

order mode signals with second plurality of higher mode signals includes: 
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determining a common parameter, including at least one of a slope, a 

peak, or a sample variance, of at least a portion of the first plurality of higher 

order mode signals and at least a portion of the second plurality of higher order 

mode signals; and 

correlating the portion of the first plurality of higher order mode signals 

and the portion of the second plurality of higher order mode signals in the time

domain based on the common parameter.  

33. The method of claim 31, wherein aligning the first plurality of higher 

order mode signals with the third plurality of higher mode signals includes: 

determining a common parameter, including at least one of a slope, a 

peak, or a sample variance, of at least a portion of the first plurality of higher 

order mode signals and at least a portion of the third plurality of higher order 

mode signals; and 

correlating the portion of the first plurality of higher order mode signals 

and the portion of the third plurality of higher order mode signals in the time

domain based on the common parameter.  
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