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(57) Abstract: Disclosed embodiments mclude methods and
apparatus for ranging techniques to detect and determine a re-
lative distance and azimuthal direction of nearby target well
conductors such as pipes, well casing, etc., from within a
borehole of a drilling well. A nearby casing string of a target
well can be detected by transmitting an electromagnetic sig-
nal from an excitation source located along the target well
and measuring a response signal with an antenna on a down -
hole logging tool in the drilling well. Several different excita-
tion sources for various target wells are utilized to distinguish
nearby conductor signals from formation signals. Joint Jinver -
sion algorithms are utilized to identity multi]well locations
on the basis of measured signal responses from the different
excitations sources. The joint]inversions may be implemented
in real Jtime or during post|processing, and used in applica-
tions such as SAGD, anti]collision, and relietf well develop-
ment.
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METHODS AND APPARATUS FOR MULTI-WELL RANGING DETERMINATION

BACKGROUND

{0001] The present disclosure relates generally to methods and apparatus for ranging
techniques to determine distance and direction between nearby conductors.

[0002] With much of the world’s easily obtainable oil having already been produced,
new techniques are being developed to extract less accessible hydrocarbons. These
techniques often involve drilling a borehaole in close proximity to one or more existing wells.
Examples of directed drilling near an existing well include intersection for blowout control,
multiple wells drilled from an offshore platform, and closely spaced wells for geothermal
energy recovery. Another such technique is steam-assisted gravity drainage (SAGD) that
uses a pair of vertically-spaced, horizontal wells less than 10 meters apart. Careful control of
the spacing is important to the technique's effectiveness.

[00C3] One way to direct a borehole in close proximity to an existing well is “access-
dependent active ranging” in which an electromagnetic source is located in the existing well
and monitored via sensors on the drill string. Systems that locate both the source and the
sensors on the drill string are often termed “access-independent active ranging”. Existing
ranging techniques often only consider one surrounding casing of an existing well (e.g., a
target well} relative to the drilling well, and are unable to identify multiple targets

downhole, which limits the use of these techniques.

BRIEF DESCRIPTION OF THE DRAWINGS
{6004} FIG. 1 depicts an example drilling environment in which multi-well ranging may

be employed according to various embodiments.

{0005] FIGS. 2A-2B show an example ranging tool embodiment and illustrate variables
used in analyzing the operations of the ranging tool

{0006] FIG. 3 illustrates a side elevational view of an example system embodiment for

determining an azimuthal direction between a drilling well and a target well,

{0007] FIGS. 4A-4D iHustrate example modeled amplitudes of magnetic fields
surrounding excitation sources in target wells according to various embodiments.
{0008] FIGS. 5A-5B are graphs of the received azimuth signals of the single sinusoidal

responses according to various embodiments.
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10009] FIGS. 6A-6B are graphs of the received azimuth signals of the double sinusoidal

responses according to various embodiments.

{0010} FIGS. 7A-78B illustrate two example configurations for a current excitation source
according to various embodiments.

10011} FIG. 8 illustrates an example configuration for a surface excitation source
according to various embodiments.

{0012] FIG. 9 illustrates a top view of target well locations relative to a drilling well for
multi-wel ranging determinations according to various embodiments.

{0013] FIG. 10 is a flowchart of an example method of multi-well ranging according to

various embodiments.

DETAILED DESCRIPTION

{0014] This disclosure describes various ranging techniques to determine relative
distances and relative directions among wells based on current excitations placed in
muitiple cased-hole wells, and electromagnetic antennas equipped in a logging tool in a
drilling well. A nearby casing string of a target well can be detected by transmitting an
electromagnetic sighal from an excitation source located aiong the target well and
measuring a response signal with an antenna on a downhole logging tool in the drilling well.
Several different excitation sources for various target wells are utilized to distinguish nearby
conductor signais from formation signals. Joint-inversion algorithms are used to identify
multi-well locations on the basis of signals from different excitation sources.

[0015] There is a need for the ability to identify relative distance and direction among
muitiple wells by various types of excitation sources in practice. The ability to resolve

multiple targets downhole would allow for the steering of a drill bit through a field crowded

with existing, producing oil wells as part of constructing a new well, without interrupting

production of any of the other existing wells in the field.

[0016] Processing methods based on joint-inversion among different types of excitation
sources are presented to identify distance and direction between the drilling well and one
adjacent well. The use of joint-inversion among various excitations allows for the ability to
resolve multiple targets. Decoupling signals from multiple targets, including formation
anisotropy and a plurality of nearby casings, results in the ability to identify muiti-well

locations on the basis of measured sighal responses from the different excitations sources.
7
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The joint-inversions may be implemented in real-time or during post-processing for
applications such as Steam-Assisted Gravity Drainage (SAGD), anti-collision, and relief well
development.

{0017] The disclosed tools and methods are best understood in the context of the larger
systems in which they operate. Accordingly, FIG. 1 illustrates an example drilling
environment 100 in which a drilling platform 102 supports a derrick 104 having a traveling
block 106 for raising and lowering a drill string 108. A top drive 110 supports and rotates the
drifl string 108 as it is lowered through the well-head 112. A drill bit 114 is driven by a
downhole motor and/or rotation of the drill string 108. As the drill bit 114 rotates, it creates
a borehole 116 that passes through various formations. A pump 118 circulates drilling fluid
through a feed pipe 120 to top drive 110, downhole through the interior of drili string 108,
through orifices in drill bit 114, back to the surface via the annulus around drill string 108,
and into a retention pit 122. The drilling fluid transports cuttings from the horehole into the
retention pit 122 and aids in maintaining the borehole integrity.

{0018} The drill bit 114 is just one piece of a bottom-hole assembly that includes one or
more drili collars {thick-walled steel pipe} to provide weight and rigidity to aid the drilling
process. Some of these drill collars include logging instruments to gather measurements of
various drilling parameters such as position, orientation, weight-on-bit, borehole diameter,
etc. The tool orientation may be specified in terms of a tool face angle {(a.k.a. rotational or
azimuthal orientation}, an inclination angle (the slope}, and a compass direction, each of
which can be derived from measurements by magnetometers, inclinometers, and/or
accelerometers, though other sensor types such as gyroscopes may alternatively be used. In
one specific embodiment, the tool includes a 3-axis fluxgate magnetometer and a 3-axis

accelerometer. As is known in the art, the combination of those two sensor systems enables

the measurement of the tool face angle, inclination angle, and compass direction. In some
embodiments, the tool face and hole inclination angles are calculated from the
accelerometer sensor output. The magnetometer sensor outputs are used to calculate the
compass direction.

10019] The bottom-hole assembly turther includes a ranging tool 124 to induce a
current in nearby conductors such as pipes, casing strings, and conductive formations and
to collect measurements of the resulting field to determine distance and direction. Using

these measurements in combination with the tool orientation measurements, the driller
3
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can, for example, steer the drill bit 114 along a desired path 126 relative to the existing welt
128 in formation using any one of various suitable directional drilling systems, including
steering vanes, a “bent sub”, and a rotary steerable system. For precision steering, the
steering vanes may be the most desirable steering mechanism. The steering mechanism can
be alternatively controlled downhole, with a downhole controller programmed to follow
the existing borehole 128 at a predetermined distance 130 and position {e.g., directly above
or below the existing borehole]).

{0020} A telemetry sub 132 coupled to the downhole tools {including ranging tool 124)
transmits telemetry data to the surface via mud pulse telemetry. A transmitter in the
telemetry sub 132 modulates a resistance to drilling fluid flow to generate pressure puises
that propagate along the fluid stream at the speed of sound to the surface. One or more
pressure transducers 134 convert the pressure signal into electrical signal{s) for a signal
digitizer 136. Note that other forms of telemetry exist and may be used to communicate
signals from downhole to the digitizer. Such telemetry may employ acoustic telemetry,
electromagnetic telemetry, or telemetry via wired drillpipe.

{0021] The digitizer 136 supplies a digital form of the telemetry signals via a
communications link 138 to a computer 140 or some other form of a data processing
device. The computer 140 operates in accordance with software {which may be stored on
information storage media 142) and user input via an input device 144 to process and
decode the received signals. The resulting telemetry data may be further analyzed and
processed by the computer 140 to generate a display of useful information on a computer
monitor 146 or some other form of a display device. For example, a driller could empioy this
system to obtain and monitor drilling parameters, formation properties, and the path of the

borehole relative to the existing borehole 128 and any detected formation boundaries. A

downlink channel can then be used to transmit steering commands from the surface to the

bottom-hole assembly.

{0022] FIG. 2A shows an example tool model having a longitudinal axis coincident with a
coordinate z-axis. A transmitter antenna coil T, is provided with a tilt angle 81, relative to
the z-axis and a receiver antenna coil R is provided with a tilt angle 8 relative to the z-axis,
usually with its normal vector in the same plane defined by the z-axis and the normal vector
ot the transmitter antenna coil. The transmitter and receiver antenna coils are centered on

the z-axis with their center points separated by a distance d. The x- and y-axes of the
4
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example tool model are shown in FIG. 2B, which shows an example configuration of tool bin
positions and corresponding azimuthal angles. The x-axis is directed from the z-axis toward
the high side of the borehole. {For vertical boreholes, the north side of the borehole is often
taken as the “high” side.) The y-axis is drawn perpendicular to the x- and z-axes using the
right hand rule. The azimuthal angle § is measured from the x-axis starting in the direction
of the y-axis. The measurements taken around the circumference of the borehole are often
grouped into azimuthal bins. As illustrated in FIG. 2B, each bin i may be associated with a
representative azimuthal angle 3. Alternatively, the measurements can be grouped into
bins along the z-axis.

{0023] The methods and apparatus described herein may be used in various borehole
configurations, such as a borehole including a vertically-oriented borehole configuration, a
horizontal penetration direction, or an oblique borehole configuration, for example.
Further, although the example of FIG. 1 also generally illustrates a land-based example, the
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 LWD/MWD apparatus and technigues including aspects of the examples herein.

(0024} LWD magnetic ranging techniques, using electromagnetic resistivity logging tools
based on, for example, the tool models described in FIGS. 2A-2B, determine a relative
distance and direction between two wells using tilted transmitters in a logging tool. The
transmitters transmit electromagnetic signals into formation that induce a current in an
adjacent, target well (with casing), such that a tilted receiver in the logging tool is able to
determine a relative direction and distance to the target well based on received azimuthal
measurements. That is, the induced current in the target well generates an electromagnetic

field that is received by the tilted receiver in the logging tool.

[0025] An azimuthal signal received at the receiver may be represented using the

following eguation:

VB (Bc) = At‘)ouble C052(6:’ + 6{3‘) + Aang!e CQS(&' + 60) + AConst (1)

where 8; represents the tool azimuth as depicted in FIG. 2B and 8, represents the angle
between the tool’s high side and the direction to the target well. Apouble, Asingle, 3Nd Acons: are

complex numbers representing the received amplitude of double sinusoidal, single

sinusoidal, and constant signals with respect to the tool azimuth angles, respectively.

3
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{00261 The majority of the signal (e.g., the electromagnetic field generated by the
induced current along the casing of the target well) received from the target well is Apsupie
so that the doubie sinuscidal responses are utilized to determine relative distance and
direction to the target well. Due to the double periods, two angles are calculated for the
relative direction to the target well, which causes ambiguity in ranging direction
determination. Single sinusoidal responses with one period are used to resolve such
ambiguities. However, the Ap,.ue signal is weak if the logging tool is positioned too far away
from the target well {depending on the selected operating frequency). Consequently, such
ambiguity issues affect ranging decisions and pose a challenge if further detection ranges
are required. A downhole current excitation (e.g., current- or voltage- controlled source)
positioned by wireline system in a cased-hole target well may be utilized to determine the
correct ranging direction.

[0027] FIG. 3 Hllustrates an example system, showing a typical SAGD application, having
two excitation sources, wherein one excitation source and receiver is located at a drilling
well 307 is parallel to a target well 304 including the other excitation source. A LWD tool
306 located in the drilling well 302 is equipped with a transmitter 308 and a receiver 310.
The LWD tool 306 coordinates are shown in FIG. 3, where the y-axis {corresponding to a tool
azimuth of 90 degrees) direction points to the target well 304 and the z-axis direction is
along a drilling path 312. in this example, a downhole current excitation source (e.g., either
a current- or voltage- controlled source) is positioned inside the target well 304, with a
grounding position pasitioned at various surface locations or at a well-head of the target
well 304. The downhole current excitation source (not shown) of the target well 304
introduces a current 314 that flows along a casing 316 of the target well 304, and generates

a magnetic field 318 that surrounds the target well 304.
[0028] FIGS. 4A-4D illustrate exampie modeled amplitudes {in dB)} of magnetic fields

surrounding excitation sources in target wells. As illustrated, excitation sources at lower

trequencies will introduce more signals to a receiver positioned in a proximate drilling well
(e.g., receiver 310 in drilling well 302 of FIG. 3} for the same distance to the target casing.
However, very low freguency measurements might be affected by the Earth’s magnetic and
rotation due to LWD rotation operations. Therefore, an exemplary operation frequency of
50 kHz (associated with FIG. 4D) is used for the SAGD ranging application as illustrated in

FIG. 3, where typical ranging distances are within 5 to 10 meters.
6
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0029} In an example operation, the receiver 310 in the drilling well 302 receives
azimuth signals generated in response to the downhole current excitation source (not
shown)} of the target well 304, The azimuth signals graphed in FIGS. 5A-5B and 6A-6B
iHustrate the real and imaginary portions of the response signal received at the receiver
310. In particular, FIGS. 5A-58 show the real-portions and imaginary-portions, respectively,
of the received azimuth signals at the receiver 310 of FIG. 3 in the drilling well 302 due to
the excitation source in the target well 304 with an operating frequency of 50 kHz. FIGS. 6A-
6B show the real-portions and imaginary-portions of the received azimuth sighals of the
double sinusoidal signal {e.g., Apounre) at the same receiver 310 with respect to the firing of
the transmitter 308 (also operated at 50 kHz) in the drilling well 302 of FIG. 3.

{0030] The double sinusoidal wave in FIGS. 6A-6B may be used to calculate the
distance and direction to the target casing. However, although the target casing 316 is
positioned at an azimuth of 90 degrees relative to the LWD tool 306, the azimuth response
calculations as illustrated in FIGS. 6A-6B show the acquiring of two different azimuth
directions (e.g., 90° and 270"} relative to the target well 304. Due to its double period (e.g.,
cos2{B8, + 8;}), the measured double-sinusoidal azimuth response will also have a 180°
ambiguity for measuring the casing’s azimuthal angle. Since the single-sinusoidal azimuth
response only has a single period {e.g., cos(8; + By)), it can be used to resolve this ambiguity
for a unique determination of the azimuthal angle. The distance can then be estimated
based on the amplitudes of the components. Therefore the azimuth responses of FIGS. 5A-
58 are used together with the azimuth responses of FIGS. 6A-6B to resolve the ambiguity
and identify which azimuth angle is the direction to the target well 304.

[0031] The excitation source of the target well 304 may not necessarily be turned on at
all times, since the azimuthal responses illustrated in FIGS. SA-5B are only used to identify
the target well direction. Only a few shots corresponding to the target well excitation are
required to resolve the azimuth direction ambiguity related to excitation of the transmitter
308 in the drilling well 302, it should also be understood that although directional
calculations between wells are described herein, the azimuth responses of FIGS. 5A-5B, with
known casing properties, may be decoupled to determine casing distance between the
driliing well 302 and the target well 304.

[0032] Alternatively, the two excitations {e.g., with azimuth responses as illustrated in

FIGS. 5A-5B and 6A-6B) from the wells may be combined to minimize formation effects
7
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(e.g., formation anisotropy effects) on ranging determination. To include both casing signals
and formation sighals, Eq. (1) may be modified and represented using the following

equation:

Ve(Bi) = A (6; + By) + Ac (6, + 6;) (2)

where Ag (8, + 8o} = ArpoubieCOS2(B; + 8o} + ArsingieCOS(B; + 8o) + Arconst ; and Ac (6 + 8,) =
AcpoubleCOS2(8; + 61) + AcsingeCOS{B; + B1) + Acconst- Ar and Ac are the formation signal and
target casing signal, respectively, in response to the transmitter firing in the target well 304
ot FIG. 3. Arpounte and Acpounie are the amplitudes of the mentioned double-sinusoidal
responses for formation signal and casing signal, respectively. Agngle and Acsinge are the
amplitudes of the mentioned single-sinusoidal responses for formation signal and casing
sighal, respectively. Arconsr aNd Accons: are the amplitudes of the mentioned constant
responses for forrmation signal and casing signal, respectively. The angles 8, and 8, are the
relative azimuth between the tool’s high side and the formation {formation anisotropy or
formation bed boundaries) and relative azimuth between the tool’s high side and the
direction to the target well, respectively.

(G033} By using relatively low operating frequencies for the transmitter 308 in the
dritiing well 302, formation signal A: may be eliminated owing to being relatively smaller
than casing signal A.. Therefore, the formation signal (including formation anisotropy and
shoulder-bed effects} is negligible while operating at low frequencies. Thus, the casing
signal Ac may be decoupled from the received signal in Eq. (2) by knowing 6; from the
sighals due to target well current excitation in FIGS. 5A-5B.

[0034] if the transmitter 308 is operated at relatively high frequencies such that the
tormation signal Ag is much stronger than the casing signal A, then the received signal in
Eq. (2) may be used to only determine formation relative azimuth angle 8, With a known 6,
trom high frequency measurements and a known 8; from current excitation measurements,
£q. (2) may be decoupled to caiculate formation properties (e.g., resistivity, anisotropy, etc.)
and casing distance. It is noted that more than one operating frequency is used in both
antennas in the drilling well and current excitations in the target well(s). Such multi-
frequency measurements may be used to distinguish between casing sighals and formation
sighals to achieve accurate ranging determination.

[0035] FIGS. 7A and 7B illustrate two example configurations for the current excitation

&
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source 700 at the target well 704. Similar to the example of FIG. 3, the system includes two
excitation sources, wherein one excitation source and receiver is iocated at a drilling well
702 is paraliel to a target well 704 including the other excitation source (e.g., current
excitation source 700}. A LWD tool 706 located in the drilling well 702 is equipped with a
transmitter 708 and a receiver 710. The WD tool 706 coordinates are shown in FIGS. 7A
and 7B, where the y-axis {corresponding to a tool azimuth of 90 degrees) direction points to
the target well 704 and the z-axis direction is along a drilling path 712. In these exampiles, a
downhole current excitation source 700 (e.g., either a current- or voltage- controlied
source) is positioned inside the target well 704, with a grounding position 714 positioned at
the weil-head (e.g., FIG. 7A) or far away from the well-head at the surface {e.g., FIG. 7B) to
optimize the current flowing into the formation.

[0036] FIG. 8 iHlustrates an alternative configuration in which, instead of a downhole
excitation, a surface excitation source 800 at the well-head is used to enable current flowing
downhole in the target well. This configuration includes two excitation sources, wherein
one excitation source and receiver is located at a drilling well 802 is parallel to a target well
804, with the excitation source 800 located at the well-head. A LWD tool 806 iocated in the
drilling well 802 is equipped with a transmitter 808 and a receiver 810. The LWD tool 806
coordinates are shown in FIG. 8, where the y-axis {(corresponding to a tool azimuth of 90
degrees) direction points to the target well 804 and the z-axis direction is along a drilling
path 812. In this example, the current excitation source (e.g., either a current- or voltage-
controlled source} is a surface excitation source 800 positioned at a well-head of the target
well 804. The surface excitation source 800 of the target well 804 introduces a current 814
that flows downhole along a casing 816 of the target well 804, and generates a magnetic

field 818 that surrounds the target well 804. in this example, the grounding position 820 is

positioned away from the well-head to increase the amount of current 814 flowing

downhole.

[0037] FIG. 9 illustrates an example top view configuration of multiple target welis
surrounding a drilling well 902. Target wells 904, 906, and 908 {e.g., representing targets of
well number 1, well number 2, ... and well number N) are cased and act as guide wells for
drilling well 902. Currents are induced along the casings of the target wells according to the
various excitation configurations described herein, and the magnetic fields are measured to

obtain azimuth responses using a receiver positioned in the drilling well 902.
9
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[0038] The azimuthal responses in response to the transmitter firing in the drilling well

902, for identifying multi-well locations, can be expressed by the following equation:

T

V;;(B;) = AF (8, + 60) 4 Ac_g (6; + 81) 4 Acg (6, + 61) + ...+ A(;N (8; + SN) (3)

where Acq; 1o Agy represent the amplitudes of azimuthal signals caused by the casings of well
number 1 to well number N nearby the drilling well 902, respectively. Ar (6; + 8p) can be
negligible if the transmitter in the drilling well 902 is operated at low frequency ranges. By
introducing excitation at a particuiar target well (e.g., target well 904 / well number 1}, the
received signal in the drilling well 902 is able to identity a relative azimuth direction {6, with
respect to well number 1) to the target well 904. Therefore, the azimuthal response in Eq.
(3) may be decoupled using all identified relative azimuth angles for every well, and thereby
the decoupled responses (A, with respect to well number 1} can be used to calculate the
distance to the target well 904 (e.g., well number 1). Similar methods can be applied to
calculate distance to the other target wells (e.g., target wells 904,906 / wells 2 through N},

{0039] As previously noted, the distance between wells can be estimated based on the
amplitudes of the azimuthal responses. The azimuthal dependence of the measurements
received at the receiver are analyzed to determine a diagonal component and a cross
component as the LWD tool rotates. The transmitting and measuring are repeated during
WD tool rotations to determine the azimuthal dependence of the response signal, which
are then analyzed to determine a diagonal component and a cross component. The
amplitude of the diagonal component is indicative of distance to the conductive feature

(e.g., target well casing}. Direction can be determined based on the diagonal component

alone or in combination with the cross component. Sinusoidal curve titting can be employed
to improve accuracy of the distance and direction estimates. in an example operation, the
diagonal component is preferred as the basis for estimating a casing distance.

[0040] Referring now to FIG. 10, the flowchart depicts an example method 1000 of
achieving multi-well ranging by implementing a joint-inversion algorithm among responses
from various excitations. Although described in the context of using one tilted transmitter
and one tilted receiver, various antenna configurations, such as multi-component antennas,
and various numbers of antennas may be used in the drilling well in accordance with this

application’s disclosure. In addition, antennas in the drilling well may also determine

formation properties without nearby casing interference based on higher frequency
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measurements.
{0041} Beginning in operation 1002, a control unit at the surface begins a

measurement cycle by instructing the operations of excitation sources in the drithing and
target wells. In operation 1004, the antenna{s) of a tool in a drilling well transmit
electromagnetic signals into surrounding formations, with the azimuthal responses received
at a receiver of the tool in the drilling weli in operation 1006. The measured responses may
be optionally used to determine formation resistivity in operation 1008.

{0042} In operation 1010, the control unit continues the measurement cycie by
instructing the operation of an excitation source in a target well {e.g., target well number 1)
to transmit electromagnetic signals into surrounding formations. In operation 1012, the
azimuthal responses are received at the receiver of the tool in the drilling well. In other
words, the excitation source of the target well introduces a current that flows downhole
along a casing of the target well, and generates a magnetic field that surrounds the target
well (e.g., target well number 1). The receiver of the tool in the drilling well obtains
azimuthal responses from that magnetic field in operation 1012 and determines an azimuth
angle from the driiling well to the target well number 1 in operation 1014. The above-
described operations may be repeated for any number N of nearby target weils {e.g., using
operations 1020, 1022, and 1024) to achieve multi-well ranging.

{0043] Once the system has determined a measurement of azimuthat responses to the
various target wells, joint-inversion is applied in operation 1016 to decouple formation
sighals from casing signals from the target wells (e.g., target well number 1 through number
N). Further, distance from the dritling well to the target wells is calculated in operation 1018
by using the decoupled responses of azimuthal signal amplitudes caused by the casings of

the target wells {e.g., Aq; with respect to target well number 1).

[0044] in one embodiment, the present disclosure may be embodied as a set of
instructions on a computer readable medium comprising ROM, RAM, CD, DVD, hard drive,
tlash memory device, or any other computer readable medium, now known or unknown,
that when executed causes a computing system, such as computer as illustrated in FiIG. 1 or
some other form of a data processing device, to implement a method of the present
disclosure, for example the method described in FIGS. 10.

[0045] Though described serially in the examples of FIG. 10, other examples may

reorder the operations, omit ohe or more operations, and/or execute two or more
11
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operations in parallel using multiple processors or a single processor organized as two or
more virtual machines or sub-processors. Moreover, still other examples can implement
the operations as one or more specific interconnected hardware or integrated circuit
modules with related control and data signals communicated between and through the
modules. Thus, any process flow is applicable to software, firmware, hardware, and hybrid
implementations.

{0046} it is expected that the system range and performance can be extended with the
use of multiple receive antenna stations and/or multiple transmit antenna stations. In many
situations, it may not be necessary to perform explicit distance and direction calculations.
For example, the sighal components may be extracted and converted to pixel colors or
intensities and displayed as a function of tocl position and azimuth. Assuming the target
casing string is within detection range, it will appear as a bright (or, if preferred, a dark)
band in the image. The color or brightness of the band indicates the distance to the casing
string, and the position of the band indicates the direction to the casing string. Thus, by
viewing such an image, a driller can determine in a very intuitive manner whether the new
borshole is dritting from the desired course and he or she can quickly initiate corrective
action. For example, if the band becomes dimmer, the drilier can steer towards the casing
string. Conversely, if the band increases in brightness, the driller can steer away from the
casing string. If the band deviates from its desired position directly above or below the
casing string, the driller can steer laterally to re-establish the desired directional
relationship between the boreholes.

{0047] Numerous other variations and modifications will hecome apparent to those
skilled in the art once the above disclosure is fully appreciated. For example, the foregoing

discussion has focused on a logging while drilling implementation, but the disclosed
technigues woulag also be suitable for wireline tool implementation. For example, multi-
component antenna measurements may be used to obtain virtually-steered antenna

measurements without requiring rotation of the tool or antennas. it is intended that the
following claims be interpreted to embrace all such variations and modifications.
{0048] In this description, references to “one embodiment” or “an embodiment,” or to

“one examplie” or “an example” mean that the feature being referred to is, or may be,

included in at least one embodiment or example of the invention. Separate references to

“an embodiment” or “one embodiment” or to “one example” or “an example” in this
12
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description are not intended to necessarily refer to the same embodiment or example;
however, neither are such embodiments mutually exclusive, unless so stated or as will be
readily apparent to those of ordinary skill in the art having the benefit of this disclosure.
Thus, the present disclosure includes a variety of combinations and/or integrations of the
embodiments and examples described herein, as well as further embodiments and
examples as defined within the scope of all claims based on this disclosure, as weil as all
legal equivalents of such claims.

[0049] The accompanying drawings that form a part hereof, show by way of
iHustration, and not of limitation, specific embodiments in which the subject matter may be
practiced. The embodiments iHustrated are descrived in sufficient detail to enabile those
skitled in the art to practice the teachings disclosed herein. Although specific embodiments
have been illustrated and described herein, it should be appreciated that any arrangement
calculated te achieve the same purpose may be substituted for the specific embodiments
shown. This disciosure is intended to cover any and all adaptations or variations of various
embodiments. Other embodiments may be used and derived therefrom, such that
structural and logical substitutions and changes may be made without departing from the
scope of this disclosure. Combinations of the above embodiments, and other embodiments
not specifically described herein, will be apparent to those of skill in the art upon reviewing
the above description. 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.

[0050] Many other embodiments may be utilized for practicing the inventive subject
matter than the illustrative examples discussed herein, and many structural and operational

changes in addition to the alternatives specifically discussed herein may be made without

departing from the scope of the inventive subject matter.
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CLAIMS

What is claimed is:

1. A method comprising:

transmitting a first electromagnetic signal from a transmitter positioned within a
drilling well;

obtaining a first azimuthal signal at a receiver positioned within the drilling well in
response to transmitting the first electromagnetic signal;

transmitting a second electromagnetic signal from an excitation source positioned
within a first target well;

obtaining a second azimuthal signal at the receiver positioned within the drilling well in
response to transmitting the second electromagnetic sighal;

applying a joint-inversion among the first and second azimuthal signals; and

determining an azimuthat direction from the driiling well to the first target well based

at least in part on the joint-inversion.

2. The method of claim 1, wherein the transmitter is included on a drilling collar or a

downhole logging tool.

3. The method of claim 1, wherein applying the joint-inversion comprises applying a
joint-inversion algorithim among the obtained first and second azimuthal signals, and

further wherein the first and second azimuthal signals are received from different excitation

sources.

4. The method of any one of claims 1 to 3, further comprising:

transmitting a third electromagnetic signal from an excitation source positioned within
a second target well;

obtaining a third azimuthal signal at the receiver positioned within the drilling well in
response to transmitting the third eléctromaﬂgnetic signal; and

determining an azimuthal direction from the drilling well to the second target well

using the obtained first and third azimuthal signals.
14
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5. The method of claim 4, further comprising determining a distance from the drilling

well to the first and the second target well after determining the azimuthal direction from

the drilling well to the first and the second target wells.

6. The method of claim 5, wherein determining the distance from the drilling well to
the target well comprises estimating based on amplitudes of the obtained azimuthal signals

with raspect to different excitation sources.

7. The method of claim 6, further determining the distance from the drilling well to the
target well further comprises decoupling a formation signal and a casing signal from the
obtained azimuthal signals by varying operating frequencies of the transmitter positioned

within the drilling well.

8. The method of any one of claims 1 to 3, wherein the first and second azimuthal

T
signal obtained at the receiver is proportional to V3{8:} = Apoupie COS2(8; + Bp) + Asings. COS(B; +
8o} + Aconst Where 8, represents an azimuthal bin and 8, represents an angle between a high

side of a tool positioned within the drilling well and a direction to the target well.

S. A drilling system for multi-well ranging, comprising:

a transmitter antenna to transmit a first electromagnetic signal into a surrounding
formation and a receiver antenna to receive response sighals from the surrounding
formation, wherein the transmitter antenna and receiver antenna are included on a drilling
collar or a downhole logging tool positioned within a driliing well;

excitation sources positioned along multiple target wells to transmit various

electromagnetic signals into the surrounding formation from different target wells;

a controllier operably connected to the transmitter antenna and the excitation sources

to instruct the transmitter antenna and the excitation sources to transmit the first and
various electromagneitic signals into the surrounding formation, and wherein the controller
is configured to apply a joint-inversion among azimuthal signals received from different

excitation sources;

15



CA 02964236 2017-04-10

WO 2016/080968 PCT/US2014/066168

determining azimuthal directions from the drilling well to multiple target wells based at
least in part on the joint-inversion;

decoupling formation signal and casing signals from the multiple target wells by the
obtained azimuthal directions; and

determining distance from the drilling well to the multiple target wells after

determining the azimuthal directions from the drilling well to the multiple target wells.

10. The drilling system of claim 9, wherein the excitation source is a downhole excitation

source positioned downhole in the target well.

11. The drilling system of claim 9, wherein the excitation source is a surface excitation

source positioned at a well-head of the target well.

12. The drilling system of any one of claims 9 to 11, further comprising a grounding

position proximate to the target well.

13. The drilling system of any one of claims 9 to 11, wherein at least one of the

transmitter and receiver antennas is tilted relative to a too! axis.

14. The drilling system of any one of claims 9 to 11, wherein the transmitter and
receiver antennas are tilted in a same quadrant, in a set of opposite quadrants, or in a set of

adjacent quadrants relative to a tool axis.

15. The drilling system of any one of claims 9 to 11, wherein the excitation source

induces a current that flows along a casing of the target well.

16. A downhole ranging tool that comprises:

a transmitter antenna to transmit a first electromagnetic signal into a surrounding
tormation:

a receiver antenna to receive response signals from the surrounding formation; and

a controller operably connected to the transmitter antenna and the receiver antenna to

instruct the transmitter antenna to transmit the first electromagnetic signal into the
16
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surrounding formation, receive response signals from the surrounding formation, and
determine an azimuthal direction from the downhole ranging tool to a target well based at

least in part oh a joint-inversion among response signals received at the receiver antenna.

17. The downhole ranging tool of claim 16, wherein the transmitter antenna and
receiver antenna are included on a drilling collar or a downhole logging tool positioned

within a drilling well.

18. The downhole ranging tool of claim 16, wherein the azimuthal response signal is

generated using an excitation source positioned along the target well.

19. The downhole ranging tool of any one of claims 16 to 18, wherein the controller
determines the azimuthal direction from the downhole ranging tool to a casing of the target
well based at least in part on comparing a single-sinusoidal azimuthal response signal

received at the receiver antenna to a double-sinusoidal azimuthal response signal.

20. The downhole ranging tool of claim 19, wherein the single-sinusoidal azimuthal
response signal is generated by the firing of an excitation source positioned along a target
well, and further wherein the double-sinusoidal azimuthal response signal is generated by

the firing of the transmitter antenna positioned in a drilling well.
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