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(57) Abstract: A transmitter of a downhole tool inserted in a borehole of a geological formation transmits a first signal. A receiver
of the downhole tool receives a second signal, where the second signal is induced by the first signal in the geological formation. A
simple response matrix is determined based on the second signal, where the simple response matrix includes a plurality of response
components. One or more of the response components are combined and a modified response matrix is formed by replacing one or
more of the plurality of response components in the simple response matrix with a linear combination of the response components
of the simple response matrix. The modified response matrix is inverted and an indication of formation properties in the geological
formation is output.
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DETERMINING FORMATION PROPERTIES IN A GEOLOGICAL FORMATION
USING AN INVERSION PROCESS ON A MODIFIED RESPONSE MATRIX
ASSOCIATED WITH A DOWNHOLE TOOL

TECHNICAL FIELD

(6001} This disclosure generally relates to the field of earth or rock drilling {(mining), and
more particularly to determining formation properties of a geological formation by inverting a

modified response matrix associated with a downhole tool.
BACKGROUND ART

100021 A downhole tool positioned in a borehole of a geological formation has a transmitter
and receiver. The transmitter transmits electromagnetic signals into the geclogical formation and
the receiver receives electromagnetic signals from the geological formation indicative of a
formation response. The formation response is processed to determine formation properties of
the geological formation including resistivity, boundary position, formation dip angle, formation
azimuth angle, anisotropy ratio, among others. The formation properties indicate whether the
formation is capable of producing hydrocarbon. Depending on a drilling objective, the formation
properties are used to geosteer a drill bit to either remain in a formation layer with certain
formation properties or be directed to ancther formation laver with ditferent formation properties
to increase hydrocarbon production. The formation properties are used for other purposes as

well.

BRIEF DESCRIPTION OF THE DRAWINGS
{8603} Embodiments of the disciosure may be better understood by referencing the

accompanying drawings.

[0004] FIG. 1 shows a block diagram of an example tool to determine formation properties
in a geological formation.

[0065] FIG. 2 shows an example arrangement of the example tool.

[0006] FIG. 3 shows an example process for determining formation properties in the
geological formation,

[0047] FIG. 4 shows an example of a uniaxial vertical 1-D model of a geological formation.
[3008] FIG. 5 illustrates a comparison of signals associated with a moditied response mairix

and simple response mattix.
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[G0G9] FIG. 6 shows an inversion process.

{80106} FIG. 7 1s a plot which compares results of the inversion process based on the simple
response matrix and results of the inversion process based on the modified response matrix.
(6011} FIG. § 15 a flow chart of functions associated with determining formation properties
of the geological formation based on the simple response matrix and modified response matrix.
(06012 FIG. 9 1s a schematic diagram of a wellbore sampling and analysis system in
accordance with one or more embodiments,

10013} FIG. 1013 a schematic diagram of an example downhole fluid sampling and analysis
tool on a wireline in accordance with one or more embodiments.

[0014] FIG. 11 shows an example computer system, according to some embodiments.

DESCRIPTION OF EMBODIMENTS

10015] The description that follows includes example systems, methods, techniques, and
program flows that embody embodiments of the disclosure. However, it is understood that this
disclosure may be practiced without these specific details. For instance, this disclosure refers to
determining formation properties in a geological formation based on an inversion scheme which
uses a modified response matrix associated with a downhole tool such as an inductive logging
tool which transmits and receives signals in multiple directions in Hustrative examples.
Embodiments of this disclosure can be applied in other contexts. In other instances, well-known
instruction instances, protocols, structures and techniques are not shown in detail in order to not

obtuscate the description.
Overview

[0016] A downhole tool has at least one transmitter and at least one receiver. The transmiiter
radiates an electromagnetic field in the geological formation and the receiver receives a signal
indicative of formation properties tn the formation. A simple response matrix is calculated based
on the received signal. The transmitter and receiver each transmit and/or receive signals in one
of three directions defined by a tool coordinate system. In this regard, the siraple response
matrix has nine components. Fach component is indicative of a given response of the geological
formation when a transmitter transmits signals in a given direction and a receiver receives signals
in a given direction.

(3317} Various embodiments relate to an inversion process for determining formation
properties of a geological formation based on a modified response matrix associated with a
downhole tool such as a VDR tool positioned in a borehole of the geological formation. The
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modified response matrix is based on the simple response matrix. Certain components in the
modified response matrix are set to correspounding components in the sirnple response matrix.
Other components in the modified response matrix are not set to corresponding components in
the stmple response matrix, hence the term “modified response matrix”. For example, some
components in the modified response matrix are set to zerc based on an assumption that the
geological formation takes a form of vertically stacked formation layers, where formation
properties are uniform in a plane parallel to layer boundaries and the formation properties are the
same within a same layer. These components are set to zero because they cancel each other out
in the vertically stacked formation layers. As another example, some components in the
modified response matrix are set to a linear combination. The linear combination combines
those components in the simple response matrix sensitive to formation properties deep in the
formation with components of the simple response matrix which were not set to zero.

[6018] In general, the components of the modified response mairix are strong, have a high
signal to noise ratio, and improved sensitivity to formation layer boundaries in the geological
formation. The modified response matrix is input into an inversion process to determine
formation properties in the geological formation within a half of a depth of investigation (DOI)
or less. The inversion process determines the formation properties even in a thick formation
layer and identifies formation layer boundaries without regular undulation which would
otherwise be geologically unlikely. Additionally, misfit associated with the inversion process is
low using the modified response matrix. The actual component mairix is also input into an
inversion process. Unlike the modified response matrix, the actual component matrix s used to
determine formation properties in the geological formation greater than half of the DOL The
formation properties associated with both ranges of DOI are combined to determine the
formation properties at various depths in the geological formation. The formation properties are
used to steer a drill bit in the geological formation to extract hydrocarbons, among other
purposes.

[0019] The description that follows includes example systems, apparatuses, and methods that
embody aspects of the disclosure. However, it is understood that this disclosure may be
practiced without these specific details. In other instances, well-known instruction instances,

structures and techniques have not been shown 1u detail in order not to obfuscate the description,

Example Svstems

(6020} FIG. 1 shows apparatus 100 for determining formation properties downhole in

borehole 102 of a geological formation 104, The apparatus 100 may include tool 106, control
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system 108, and an inversion system 110, Components of apparatus 100 can be structured for an
implementation in the borehole 102 of a well as a measurement-while-drilling (MWD system
such as a logging-while-dnlling (LWD) system. The tool 106 can be located in a bottom hole
assembly (BHA). Alternatively, components of apparatus 100 may be coofigured in a wireline
tool configuration. Inversion system 110 and control system 108 may be both located downhole,
both located on a surface 112 (as shown), or one located downhole and the other located on the
surface 112.

0621} The tool 106 can have an arrangement of transmitters and/or receivers 114-1, 114-2 ..
C114-(N-1), 114-N structured relative 1o a longitudinal axis of tool 106, In some cases, the tool
106 may take the form of an inductive logging tool or specifically a very deep resistivity (VDR)
tool. The transmitter can be operated to transmit signals and the receivers can be operated to
receive signals. The signals may be transmitted near the tool 106 in regions behind tool 106,
regions adjacent to the sides of tool 104, in regions in front of tool 106, and/or in regions behind
the tool 106. A distance Si..» between a given transmitter and a given receiver of the tool 106
may vary. The distance may be as little as 50 cm to much as 20 meters, among other distances.
The tool 106 may take the form of a very deep resistivity {VDR) tool among other tools.

(6022} The control system 108 may countrol activation of the transmitters of tool 106 and
reception of signals at the receivers of the tool 106 via a wired or wireless connection. The
control system 108 may include a processor and a non-transitory machine-readable medium
{e.g., ROM, EPROM, EEPROM, flash memory, RAM, a hard drive, a solid-state disk, an optical
disk, or a combination thereof} capable of executing instructions. Software governs the operation
of the control system 108. In one example, the control system 108 may be operable to activate a
single transmitter to transmit a signal and activate a single receiver to receive the signal. In
ancther example, control system 108 may be structured to be operable fo activate a single
transmitter to transmit a signal and activate a plurality of receivers to receive the signal  Further,
the control system 108 may select to activate different pairs of transmitter and receivers in
sequence. For example, the control system 108 may activate a total of four different
transmitter/receiver pairs. The transmitter and receiver pairs may be activated in sequence such
that only one pair is active at a time. In yet another example, a plurality of transmitter/receiver
pairs may be activated at a time. Each transmitier may transmit signals at a given frequency and
a receiver may be arranged to receive the transmitted signal at the given frequency, where the
given frequency of a transmitter and receiver pair do not overlap.

(6023} The tool 106 may be a multicomponent tool. By multicomponent, a transmitter may

be arranged to transmit signals in one or more directions and a receiver may be arranged to
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receive signals in more of more directions. The direction which the transmitter transmits signals
and receives signals may be defined by a tool coordinate system, among other coordinate
systems. In the tool coordinate system, an origin is located at a center of the transmitter, a z
direction aligns with a direction of from the center of the transmitter to a center of a receiverin a
longitudinal direction of the tool, an x direction is perpendicular to the z direction and parallel to
a formation layer boundary, and a v direction is perpendicular to both an x and z direction. The
receiver may receive signals in the x, v, and/or z direction, and the transmitter may transmit
signals in the %, y, and/or z direction.

(6024} FIG. 2 show an example arrangement of the transmiiter and/or receiver in a too} 200
that facilitates transmitting or receiving signals. The transmitter and/or receiver may be a coil
202 formed around a core 204, The coil 202 may be a conductive wire such as copper or
aluminum and the core 204 may take the form of a magnetic core or non-magnetic core. The
coil 202 may be wrapped around the core 204 with a plurality of turns to improve a signal to
noise ratio of the transmitted or received signal.

[0025] In the case of a transmitter, an electrical current may be applied to a coll which causes
the transmitter to transmit a signal. The signal takes the form of an electromagnetic field induced
by the electrical current, and a strength of the transmitied signal is a function of the electrical
current applied to and a number of turns of the transmitter coil 202, In the case of a receiver, a
voltage may be induced in the coil based on presence of an electromagnetic field in the
geological formation to cause the receiver to recetve a signal.

{0026} The tool may be arranged to rotate in the borehole. Further, the cotl associated with a
transmitter and/or receiver may be oriented so that it is tilted. The tilt may be represented as an
angle O between an axial direction 206 of the tool 200 and a perpendicular direction 208 to a
plane of the coil 202, The tilt results in the transmitter transmitting a signal and/or receiver
receiving a signal in one or more directions as the tool rotates. Alternatively, the transmitter
and/or receiver may have one or more coils oriented in one or more directions which causes the
transmitter to transmit a signal and/or the receiver to recetve a signal in different directions. The
directions may correspond to the x, y, and z directions of the tool coordinate system. In some
examples, the signal transmitted and/or or received may be one or more signals, where each
signal corresponds to a signal transmiited or a signal received in a given direction.

(6027} The transmitter may be oriented in a given direction when it transmits a signal and
the recetver may be oriented in a given direction when it receives a signal. The signal received

by the receiver may be represented as a response matrix:
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where Vi represents a response of the receiver. The response may be a magnitude (or indication
of magnitude) of a signal received by the receiver. The subscripts “1j” denote that the receiver is
oriented in a direction “j” when it receives a signal as a result of a transmitter oriented in a
direction “1” transmitting a signal into the geological formation. For example, Vi, means the
receiver is oriented in a v direction of the tool coordinate system when it receives a signal as a
result of the transmitter oriented 1n an x direction of the tool coordinate system transmitting a
signal into the geological formation. An expression for electromagnetic field strength such as
tensor Green functions may be used to determine elements of the response matrix based on the

transmitted and received signal.

(6028} The response matrix may take other forms as well. The response matrix may have a
smaller or larger dimension depending on a number of directions that the transmitter transmits

signals and the receiver receives signals.

[0029] The tool 106 may output the response matrix, also referred to herein as a simple
response matrix, to the inversion system 110 via a wired or wireless connection. The inversion
system 110 may include a processor and a non-transitory machine-readable medium (e.g, ROM,
EPROM, EEPROM, flash memory, RAM, a hard drive, a solid-state disk, an optical disk, ora
combination thereof) capable of executing instructions. Software governs the operation of the
inversion system 110, The inversion system 110 may store the simple response matrix in
memory 116, Additionally, the inversion system 110 may store a modified response matrix in
memory 118, The memory 116 and 118 may be a same memory location or different memory
locations. The modified response matrix may be a modification of response components of the
simple response matrix as described in further detail below. The inversion system 110 applies an
inversion process using the modified response matrix to determine formation properties in the
formation. The modified response matrix improves determination of the formation properties in
the formation, including resistivity, boundary position, formation dip angle, formation azimuth
angle, anisotropy ratio, among other properties determined via the inversion process.

(6030} FIG. 3 shows an example flow chart 300 for determining formation properties in a
formation. The tlow chart 300 may be executed by the structure described with respect to FIGs.
1-2 including one or more of the control system, inversion system, and downhole tool. Briefly,
at 302, a signal is transmitted by a transmitter inserted into a borehole of a geological formation.
At 304, a signal 1s recetved by a receiver inserted into the borehole of the geological formation,

&)
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At 306, a response matrix is generated based on the received signal. At 308, the response matrix
ts modified. A 310, an inversion process is performed based on the modified response matrix to
output formation properties of the geological formation. At 312, the formation properties are
processed. At 314, the formation properties are output.

[0031] Referring back, at 302, a signal may be output by a transmitter of a downhole tool
inserted in a borehole of a geological formation. The signal may be output as a result of
applving an input signal to a transmitter of the downhole tool which causes the transmitter to
radiate the cutput signal into the formation.

[0032] At 304, a signal may be received by a receiver of the downhole tool inserted in the
borehole of the geological formation based on the signal output by the transmitter. The output
signal by the transmitter may be an electromagnetic field. The electromagnetic field, referred to
as a prnimary ¢lectromagnetic field, may cause eddy currents in the formation to flow inducing &
time varying secondary electromagnetic field in the formation. The receiver may receive the
primary and secondary electromagnetic field which in turn induces a voltage in the coil of the
receiver, 1.e., received signal. The received signal may be indicative of formation properties in
the formation.

(6633} Further, the receiver may be separated by the transmitter by a given distance. The
given distance may be based on a desired depth for which formation properties within the
formation is to be determined. For example, the received signal may be indicative of formation
properties for regions near the tool at a higher resolution when the transmitter and receiver is
close together, e.g., shallow measurements from about one inch to about 20 ft. As another
example, the received signal may be indicative of formation properties for regions further away
from the tool at a lower resolution when the transmitter and recetver are further apart, e.g., deep
measurements from about 5 feet to about 200 ft.  Other variations are also possible.

16034} At 306, a response matrix may be generated based on the received signal. The
response matrix may include a plurality of response components. Each response coraponent may
indicate a response of a receiver oriented in a given direction when a transmitter transmits a
signal in a given direction. The response matrix may be generated by the tool or some other
apparatus and also referred to herein as the simple response matrix.

[3035] At 308, the response matrix 13 modified to facilitate a subsequent inversion process to
determine the formation properties of the geological formation. An assumption is made that the
geological formation takes the form of formation layers where each layered boundary is

vertically arranged parallel to each other, e.g., the geological formation is represented as a
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uniaxial vertical 1-D model. This assumption may form a basis for modifyving cross components
Vxy, Vyx, Vyz, and Vzy of the response matrix.

[0036] FIG. 4 shows an example 400 of this uniaxial vertical 1-D model. A vertical
direction 402 may be defined as perpendicular to example layers 404-1 to 404-4. The uniaxial
vertical 1-D3 model may indicate that formation properties (e.g., resistivity} are uniform in a
plane parallel to layer boundaries (hence “untaxial”) and the formation properties are the sarme
within a same layer (hence “vertical 1-D7). A tool coordinate system 406 may be defined with
multiple axes in an X, v, and z direction. The x direction may be perpendicuiar to the z direction
and lie in a plane spanned by the vertical direction 402 and a z direction. The z direction may be
an axial direction of a tool 408 The v direction may be perpendicular to the x and z directions.
Based on this assumption, electromagnetic physics principles such as defined by Maxwell
equations, and x, y, and z directions defined by the tool coordinate system 4006, cross
components associated with Vxy, Vyx, Vyz, and Vzy of a response matrix may be set to zero
because these components cancel each other out in the uniaxial vertical 1-D model of the
geological formation (In cases other than a uniaxial vertical 1-D model, the cross components
may be set to other fixed values). The components Vxx, Vyy, Vzz, Vxz, Vzx may not be

canceled out. In this regard, the modified response matrix has five non-zero components:

Y\/XX O V‘XZ
0 V,, O

"’:’N O VZ zZ

(6037} The response matrix is further modified by modifying cross components Vxz and
Vzx in the response matrix. The cross components Vzx and Vxz associated with the simple
response matrix may be sensitive to formation properties deep in the formation with respect to
the tool, but weak and typically corrupted by noise. The cross components may be weakest
when the tool moves to near a center of a formation layer. This weakness results in an
insensitivity to formation boundaries which may show up as undulations in a representation of
formation properties near formation boundaries and errors in the inversion process. To address
these deficiencies, a linear combination of the cross components Vxz and Vzx in the response
matrix, i.e., simple response mairix, is formed with the one or more components associated with
the transmitter and receiver both oriented in a z or x direction. The lincar combinations are then
used to modify the response matrix. An example of the components in the modified response

matrix is shown below:
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Simple Response Matrix Medified Response Matrix
Components Components
Vxx Vxx
Vyy Vyy
Vzz Vzz
Vxz WX ~Vxz +Vzx +Vaz
Vizx ~VXX AVxzE -Vax +Vzz
(3438} FIG. S ilustrates a comparison 500 between a cross component response 502 such as

Vzx associated with the modified response matrix and a corresponding cross component
respouse 304 associated with the simple response matrix. The comparison 1s shown a function
of signal magnitude {dB) on a vertical axis 508 and measured depth (MID}} (ft) on a horizonal axis
506. The cross-component response 504 such as Vzx associated with the simple response matrix
may have a lower signal magnitude and more noise {(shown by the signal vanation) than the
corresponding cross component response 502 associated with the modified response matrix
(shown as a smooth signal}. The modified Vxz and Vzx cross components provide several
advantages, including a strong signal, high signal to noise ratio, and sensitivity to formation
boundary position which facilitates accurate determination of formation properties in the
inversion process.

(6639} At 310, an ioversion is performed based on the modified response matrix to output
tormation properties of the geological formation. The inversion process may iteratively take as
input the modified response matrix and output the formation properties of the formation based on
a model of the formation. Each iteration of the inversion may attempt to reduce a difference
between a simulated response matrix cutput by the model of the formation based on a guess of
formation properties of the formation and the generated response mairix assoctated with the

signal received by the receiver until the guess is deemed acceptable.

(60461 FIG. 6 illustrates this inversion process 600 in more detail. The inversion process
602 begins with inputting a guess 604 of formation properties at various positions in a geclogical
formation into a forward model 602. The forward model models the geological formation and is
constructed by analysis of many geological formations with many properties. The forward
model 602 cutputs a simulated modified response matrix 606 corresponding to the guess. The
simulated modified response matrix 606 may be a simulation of a response matrix associated the
geclogical formation when the geclogical formation has the guessed formation properties and

where entries of the response matrix are modified as described above. At 608, the rodified
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response matrix 610 received as an input into the inversion process 600 and the simulated
modified response matrix 606 are cormpared. For example, the comparison may be a norm
between entries of the modified response matrix 610 and the simulated modified response matrix
606. The norm may be indicative of a misfit between the modified response matrix and the
simulated response matrix. If the norm is lower than a predetermined threshold, then the
inversion process 600 may stop and formation properties associated with the guess may be
deemed to be accurate approximations of the formation properties at 612, The formation properties
may include one or more of a resistivity of the formation (e.g., represented with a horizontal and/or
vertical component)}, formation boundary position, formation dip angle, formation azimuth angle,

anisotropy ratio, among other properties.

[6041] if the difference is not lower than the predetermined threshold, then an iteration
number s increased, at 614. To prevent, for example, infinite simulations for cases where no
solution below the predetermined threshold is possible such as in highly noisy environments, the
number of iterations may be compared with a previously set maximum iteration number, at 616
If the maximum number of tterations is reached, the processing may stop with the latest guess, or
a previous guess of formation properties that minimized a misfit at 612 Otherwise, the formation
properties associated with the guess are updated, at 604, a simulated modified response matrix is
determined based on the guess in accordance with the forward model 602, and the above process
of comparing the simulated modified response matrix with the modified response matrix is

repeated.

(6042} The formation properties may include resistivity, boundary position, formation dip
angle, formation azimuth angle, anusotropy ratio, among others. Referring back to FIG. 3,
optionally at 312, the formation properties can be further processed. The optional nature of this
step 1s shown by the dotted lines. The processing may take various forms. For example, noise in
the formation properties may be removed through smoothing operations. As another example, a
representation of the formation properties may be converted into a pixelated solution, where one
or more formation parameter values at a particular true vertical depth (TVD) or a range of TVDs
is represented as pixels and displayed on a display screen. As yet another example, a statistical
analysis, such as PS5, P50, or P95, standard deviations, and/or a mean may be calculated for the
formation properties. As another example, a model of the geological formation may be

generated and/or displayved. Other variations are also possible.

10
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(60343} FIG. 7 shows plots 700 of inversion results 702 as a function of true vertical depth
{TVD) and measured depth (MDD} using the simple response matrix and inversion resuits 704 as a
function of TVD and MD using the modified response matrix. The inversion results include
characteristics of formation boundaries between layers of the formation. Additionally, a well
path associated with drilling a well with respect to the formation layers is shown with the
inversion resulis. The inversion results 702 show that use of the sirople response matrix during
the inversion produces undulations 706 along a formation boundary which is geologically not
likely. The inversion results 704 show that use of the modified response matrix as shown mn FIG.
6 results in smoother formation boundaries during the inversion which is more geologically
likely. In this regard, inversion results 704 are a better indicator of actual formation properties in
the geological formation. Accuracy of the inversion results 704 ts confirmed by a misfit plot
708. Curve 710 indicates misfit between a simulated simple response matrix and simple
response matrix during the inversion process (e.g., comparison at step 608 in FIG. 6) while curve
712 indicates misfit between a simulated modified response matrix and modified response matrix
during the inversion process. The misfit is higher for the simple response matrix compared to
the modified response matrix, indicating that use of the modified response matrix generates more

accurate inversion resulis.

(0044} Referring back to FIG. 3, at 314, the formation properties are output. The output may
take the form of displaying the formation properties on a display screen of a computer located on
the surface to facilitate geosteering by a dnill operator, among other purposes. Geosteering is an
intentional countrol to adjust drilling direction of a drill bit to reach hydrocarbon deposits. The
resistivity at layers may be indicative of oil, gas, and o1l water contact ahead of the dnill bit. The
drill bit may be steered based on these indications to maximize hydrocarbon production in the
subsurface formation. For example, if the resistivity ahead of the bit indicates presence of
hydrocarbons, then the drill bit may be steered in that direction while if the resistivity ahead of

the bit indicates presence of water, then the drill bit may be steered in another direction.

[0045] The modified response matrix results in an optimal inversion of formation properties
for depths within a half of a spacing or less between a transmitter and receiver pair. For depths
greater than a half of a spacing between the transmitter and receiver pair, the simple response
matrix results in an optimal inversion of formation properties. In this regard, use of the simple
response matrix and modified response matrix may be combined in the inversion process to

determine formation properties of a formation.
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(6046} FIG. 8 is a tlow chart 800 of functions associated with determining formation
properties of a formation based on both the siraple response matrix and modified response
matrix. The flow chart 800 may be executed by the structure described with respect to FIGs. 1-2

including one or more of the control system, inversion system, and downhole tool.

(6047 At 802, an indication of a depth of investigation (DOI) may be received. The DOI
may define distance from the tool into the geological formation for which formation properties is
to be determined. The DOI may range from as hittle as 1 inch to as much as 200 feet in some
examples. The DOI may be indicated in many ways including via user input or a parameter
stored in memory. At 804, an inversion 1s performed to determine formation properties in the
formation for a distance of less than or equal to half of a spacing between the transmitter and
receiver using the modified response matrix as an input to the inversion. At 806, a determination
is made if the DOI is beyond half of a spacing between the transmitter and receiver. If the DOI
15 Iess than half of the spacing between the transmitter and receiver, then the process may end
with the formation properties 808 that are determined for the DOIL If the DOT is greater than half
of the spacing between the transmitter and recetver, then at 810, an inversion is performed to
determine formation properties greater than half of the spacing between the transmitter and
receiver based on the simple response matrix as an input into the inversion. At 812, inversion
results determined at 804 and 810 are combined to determine formation properties within the half
of the transmitter and receiver spacing and outside of the half of the transmitter and receiver
spacing respectively. In this regard, the modified response matrix and simple response matrix
may be used to determine formation properties in certain regions of the formation with respect to
the DOI (e.g., the modified response matrix for formation properties at a DOT located less than
half of the spacing between the transmitter and receiver and the simple response mairix for
greater distances). At 814, the combined determined formation properties are output, e.g., for

geosteering purposes among others.

(6048} FIG. 9 is a schematic diagram of well apparatus 900 in which above the functions
may be performed. The well apparatus 900 includes a drill bit 902 disposed on a drill string 904
of the well apparatus 900 for drilling a wellbore 906 in a subsurface formation 908. While
wellbore 906 is shown extending generally vertically into the subsurface formation 908, the
principles described herein are also applicable to wellbores that extend at an angle through the
subsurface formation 908, such as horizontal and slanted wellbores. For example, the wellbore
can be angled vertically followed by a low inclination angle, high inclination angle or horizontal
placement of the well. It should further be noted that a land-based operation is depicted, but

12
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those skilled in the art will readily recognize that the principles described herein are equally
applicable to subsea operations that employ floating or sea-based platforms and rigs, without

departing from the scope of the disclosure.

[0049] The well apparatus 900 may further includes a drilling platform 910 that supports a
derrick 912 having a traveling block 914 for raising and lowering drill string 904, Dsill string
904 may include, but is not limited to, drill pipe and coiled tubing, as generally known to those
skilled in the art. A kelly 916 may support drill string 904 a3 1t may be lowered through a rotary
table 918, The drill bit 902 may crush or cut rock, be attached to the distal end of drill string 904
and be drivern either be a downhole motor and/or via rotation of drill string 904 from the surface
920, Without limitation, drill bit 902 may include, roller cone bits, PDC bits, natural diamond
bits, any hole openers, reamers, coring bits, and the like. As drill bit 902 rotates, it may create
and extend wellbore 906 that penetrates various subterranean formations. A pump 922 may
circulate drilling fluid through a feed pipe 924 to kelly 916, downhole through interior of drill
string 904, through orifices in drill bit 902, back to surface 920 via annulus 926 surrounding drill

string 904, and into a retention pit 928.

(6030} Drill bit 902 may be just one piece of the drill string 904 that may include one or
more drill collars 930 and one or more sampling tools 932, The sampling tool 932 may contain
one or a plurality of logging tools 934 such as logging-while-drilling (LWD) or measuring-
while-driiling (MWD) tools for measuring, processing, and storing information. It will also be
understood that more than one sampling tool 932, e.g., downhole tool, (i.e., one or more LWD
and/or MWD module) can be employed. Sampling tool 932 may be arranged to communicate
with a computing system 936, Computing system 936 may include a processing system 93§, a
monitor 940, an input device 942 (e.g., keyboard, mouse, etc.), and/or computer media (e.g.,
optical disks, magnetic disks) that can store code to determine formation properties in the
subsurface formation 908 as described herein. Computing system 936 may act as a data
acquisition systern and possibly a data processing system that analyzes information from
sampling tool 932, Any suitable technique may be used for transmitting signals from sampling
tool 932 to the computing system 936 residing on the surface 920, Asillustrated, a
communication link 944 (which may be wired or wireless, for example) may be provided that
may transmit data from sampling tool 932 to the computing system 936, Communication link
944 may implement one or more of various known drilling telemetry techniques such as mud-

pulse, acoustic, electromagnetic, et
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[0051] FIG. 10 is a schematic diagram of another well apparatus 1000 in which the above
functions may be performed. A welibore 1002 may extend through subterranean formation
1004, Downhole sampling tool 1006 may be similar in configuration and operation to downhole
sampling tool 932 shown on FIG. 9 except that FIG. 10 shows sampling tool 1004 disposed on
wireline 1008, 1t should be noted that while FIG. 10 generally depicts a land-based driiling
system, those skilled in the art will readily recognize that the principles described herein are
equally applicable to subsea drilling operations that employ tloating or sea-based platforms and

rigs, without departing from the scope of the disclosure.

18052} As tllustrated, a hoist 1010 may be used to run sampling tool 1006 into wellbore
1002, Hoist 1010 may be disposed on a recovery vehicle 1012, Hoist 1010 may be used, for
example, to raise and lower wireline 1008 in wellbore 1002, While hoist 1010 is shown on
recovery vehicle 1012, it should be understood that wireline 1008 may alternatively be disposed
from a hoist 1010 that 1s installed at surface 1014 instead of being located on recovery vehicle
1012, Sampling tool 1006 may be suspended in wellbore 1002 on wireline 1008, Other
conveyance types may be used for conveying sampling tool 1008 into wellbore 1002, including
coiled tubing, wired drill pipe, slickline, and dowunhole tractor, for example. Sampling tool 1006
may contain one or a plurality of logging tools for measuring, processing, and storing
information associated with the formation around the sampling tool and ahead of the sampiing

tool.

[6053] As previgusly described, information from sampling tool 1006 may be transmitied to
a computing system 1016, which may be located at surface 1014, As illustrated, communication
link 1018 (which may be wired or wireless, for example) may be provided that may transmit data
from sampling tool 1006 to an information handling system 1016 at surface 1014, Information
handling system 1016 may include a processing system 1020, a monitor 1022, an input device
1024 (e g, keyboard, mouse, etc.), and/or computer media (e g , optical disks, magnetic disks})
that can store code for determining formation properties of the subterranean formation 1004 as
described herein. In addition to, or in place of processing at surface 1014, processing may occur

downhole.

[6054] FIG. 11 15 a block diagram of apparatus 1100 {e.g , the inversion system and/or
control system) such as a computer system for determining formation properties. The apparatus

1100 may be located at a surface of a formation or downhole. In the case that the apparatus 1100
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is downhole, the apparatus 1100 may be rugged, unobtrusive, can withstand the temperatures and

pressures in situ at the wellbore.

[B055] The apparatus 1100 includes a processor 1102 (possibly including multiple
processors, multiple cores, multiple nodes, and/or implementing multi-threading, etc.). The
apparatus 1100 includes memory 1104, The memory 1104 may be system memory {e.g., one or
more of cache, SRAM, DRAM, zero capacitor RAM, Twin Transistor RAM, eDRAM, EDO
RAM, DDR RAM, EEPROM, NRAM, RRAM, SONOS, PRAM, etc.) or any one or more of the

above already described possible realizations of machine-readable media.

[0055] The apparatus 1100 may also include a persistent data storage 1106, The persistent
data storage 1106 can be a hard disk drive, such as magnetic storage device. The computer
device also includes a bus 1108 {e.g., PUI, ISA, PCI-Express, HyperTransport® bus,
InfiniBand® bus, NuBus, etc.} and a network interface 1110 in communication with a sensor
tool. The apparatus 1100 may have a formation properties system 1112 which includes
hardware and/or software to determine formation properties in a formation as described above.

The hardware and/or software may include the control system and inversion system.

(6057} Further, the apparatus 1100 may further comprise a display 1114, The display 1114
may comprise a computer screen or other visual device. The display 1114 may show the
formation properties determined by the formation properties module 1112, Additionally, the
display 1114 may convey alerts 1116. The formation processing module 1112 may generate the
alerts 1116 relating to formation properties that may be rendered on the display 1114 such as the
drill bit approaching a gas or oil formation. The alerts 1116 may be visual in nature but they may
also comprise audible alerts output by an audio output device {e.g., speaker). In some examples,
a user interacts with the apparatus 1100 via one or more input devices and the display 1114 In
some system embodiments, a driller employs the apparatus 1100 to make geosteering decisions
{(e.g., modifying the borehole trajectory or steering the drill bit 14) and communicate appropriate
commands to the bottom-hole assembly to execute those decisions based on the formation

properties.

[0058] The flowcharts are provided to aid in understanding the illustrations and are not to be
used to limit scope of the claims. The flowcharts depict example operations that can vary within
the scope of the clairus. Additional operations may be performed; fewer operations may be
pertormed; the operations may be performed in parallel; and the operations may be performed in
a different order. For example, the operations depicted in blocks 302-312 can be performed in
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parallel or concurrently. It will be understood that each block of the flowchart illustrations
and/or block diagrams, and comsbinations of blocks 10 the flowchart illustrations and/or block
diagrams, can be implemented by program code. The program code may be provided to a
processor of a general purpose computer, special purpose computer, or other programmable

machine or apparatus.

(0059} As will be appreciated, aspects of the disclosure may be embodied as a system,
method or program code/instructions stored in one or more machine-readable media.
Accordingly, aspects may take the form of hardware, software (including firmware, resident
software, micro-code, etc ), or a combination of software and hardware aspects that may all

43 4C

generally be referred to herein as a “circuit,” “module”, “system”, or “system.” The
functionality presented as individual modules/systems in the example illustrations can be
organized differently in accordance with any one of platform {operating system and/or
hardware), application ecosysterm, interfaces, programmer preferences, programming language,

administrator preferences, etc.

(0060 Any combination of one or more machine readable medium(s) may be utilized. The
machine readable medium may be a machine readable signal medium or a machine readable
storage medium. A machine readable storage medium may be, for example, but not limited to, a
system, apparatus, or device, that employs any one of or combination of electronic, magnetic,
optical, electromagnetic, infrared, or semiconductor technology to store program code. More
specific examples {a non-exhaustive list) of the machine readable storage medium would include
the following: a portable computer diskette, a hard disk, a random access memory (RAM), a
read-only memory (ROM), an erasable programmable read-only memory (EPROM or Flash
memory), a portable compact disc read-only memory (CD-ROM), an optical storage device, a
magnetic storage device, or any suitable combination of the foregoing. In the context of this
document, a machine readable storage medium may be any non-transitory tangible medium that
can contain, or store a program for use by or in connection with an instruction execution system,
apparatus, or device. A machine readable storage medium is not a machine readable signal

medium.

(6061} A machine readable signal medium may include a propagated data signal with
machine readable program code embodied therein, for example, in baseband or as part of a
carrier wave. Such a propagated signal may take any of a variety of forms, including, but not

limited to, electro-magnetic, optical, or any suitable combination thereof. A machine readable
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signal medium may be any machine readable medium that is not a machine readable storage
medium and that can communicate, propagate, or transport a prograro for use by or in connection

with an instruction execution system, apparatus, or device.

[0062] Program code embodied on a machine readable medium may be transmitted using
any appropriate medium, including but not limited to wireless, wireline, optical fiber cable, RF,

etc., or any suitable combination of the foregoing.

[8063] Computer program code for carrving out operations for aspects of the disclosure may
be written in any combination of one or more programming languages, including an object
oriented programming language such as the Java® programming language, C++ or the like; a
dynamic programming language such as Python; a scripting language such as Perl programming
language or PowerShell script language; and conventional procedural programming languages,
such as the "C" programming language or similar programming languages. The program code
may execute entirely on a stand-alone machine, may execute in a distributed manner across
multiple machines, and may execute on one machine while providing results and or accepting

input on another machine.

(0064} The program code/instructions may also be stored in a machine readable medium that
can direct a machine to function in a particular manner, such that the instructions stored in the
machine readable medium produce an article of manufacture including instructions which

implement the function/act specified in the flowchart and/or block diagram block or blocks.

[6065] While the aspects of the disclosure are described with reference to varicus
implementations and exploitations, it will be understood that these aspects are illustrative and
that the scope of the clairs ts not limited to them. In general, techniques for formation
properties ahead of a drill bit as described herein may be implemented with facilities consistent
with any hardware system or hardware systems. Many vanations, modifications, additions, and

improvements are possible.

10066} Plural instances may be provided for components, operations or structures described
herein as a single instance. Finally, boundaries between various components, operations and
data stores are somewhat arbitrary, and particular operations are illustrated in the context of
specific ilustrative contfigurations. Other alfocations of functionality are envisioned and may
fall within the scope of the disclosure. In general, structures and functionality presented as

separate components 1o the example configurations may be implemented as a combined structure

ot
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or component. Similarly, structures and functionality presented as a single component may be
implemented as separate components. These and other variations, modifications, additions, and

improvements may fall within the scope of the disclosure.

(0067} Use of the phrase “at least one of” preceding a list with the conjunction “and” should
not be treated as an exclusive list and should not be construed as a list of categories with one
item from each category, unless specifically stated otherwise. A clause that recites “at {east one
of A, B, and C” can be infringed with only one of the listed items, multiple of the listed items,

and one or more of the items in the list and another item not listed.

Example Embodiments

[3068] Exampie embodiments include the following:

[6069] Embodiment 1. A method comprising: inserting a downhole tool into a borehole of a
geological formation, the downhole tool comprising a transmitter and a receiver; transmitting, by
the transmitter, a first signal, receiving, by the receiver, a second signal, wherein the second
signal is induced by the first signal in the geological formation; determining a simple response
matrix based on the second signal, wherein the simple response matiix includes a plurality of
response components; linearly combining one or more of the response components; forming a
modified response matrix by replacing one or more of the plurality of response components in
the simple response matrix with the linear combination; inverting the modified response matrix;
and outputting an indication of formation properties in the geological formation based on the

inversion.

(6070 Embodiment 2: The method of Embodiment 1, wherein the one or more of the
plurality of response components in the simnple response matrix is a first one or more of the
plurality of response components; and wherein forming the modified response matrix further
comprises setting a second one or more of the plurality of response components in the simple

response matrix to a fixed value.

(6071} Erbodiment 3: The method of Embodiment 1 or 2, wherein the fixed value is zero.
[6672] Embodiment 4: The method of any of Embodiments 1-3, wherein the geological

formation is represented as formation lavers arranged vertically.
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[6073] Embodiment 5: The method of any of Embodiments 1-4, wherein the plurality of
responses components in the simple response matrix is represented as:
Vix ny Yoz

Vox Yoy Vi

7
Vax vzy Vaz
wherein Vijindicates a magnitude of the second signal received by the receiver, when oriented in
a direction {7, as a result of the transmitter, when oriented in a direction “1”) transmitting the

first signal, where 1 and j indicate one of an x, y, or z direction of a tool coordinate system.

[0074] Embodiment 6. The method of any of Embodiments 1-5, wherein the linear
combination assoctated with Vxz and Vzx in the modified response matrix 1s -Vxx -Vxz +Vzx

+Vz and -Vxx +Vxz -Vzx +Vzz respectively.

[6075) Embodiment 7: The method of any of Embodiments 1-6, wherein inverting the
moditied response matrix comprises inverting the modified response matrix to determine first
tormation properties of the geological formation within a depth of investigation fess than or
equal to one half of a distance between the transmitter and receiver and inverting the simple
response matrix to determine second formation properties of the geological formation within a

depth of investigation greater than one half of the distance.

(6476} Embodiment 8; The method of any of Embodiments 1-7, further comprising
geosteering a drill bit based on the formation properties to extract hydrocarbon from the

geclogical formation.

(6477 Embodiment 9: The method of any of Embodiments 1-8, wherein the formation

properties include a resistivity of the geological formation.

[6078] Embodiment 10: A system comprising: a downhole tool inserted in a borehole of a
geological formation, the downhole tool having a transmitter and a receiver, the transmitter
transmits a first signal and the receiver receives a second signal, wherein the second signal is
induced by the first signal in the geological formation; a processor; and a machine-readable
medium having program code executable by the processor to cause the processor to: determine a
simple response matrix based on the second signal, wherein the simple response matrix includes
a plurality of response components; linearly combine one or more of the response components;
form a modified response matrix by replacing one or more of the plurality of response

components in the simple response matrix with the linear combination; invert the modified
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response matrix; and output an indication of formation properties in geological formation based

on the inversion.

10079} Embodiment 11: The system of Embodiment 10, wherein the one or more of the
plurality of response components in the simple response matrix is a first one or more of the
plurality of response components, and wherein the program code to form the modified response
matrix further comprises program code to set a second one or more of the plurality of response

components in the simple response matrix to a fixed value.

[0080] Embodiment 12: The system of any of Embodiment 10 or 11, wherein the fixed value

18 zero.

{6081} Embodiment 13: The system of any of Embodiments 10-12, wherein the geological

formation is represented as formation lavers arranged vertically.

(6082} Embodiment 14: The system of any of Embodiments 10-13, wherein the plurality of
responses components in the siraple response matrix is represented as:

-Vxx ny V\x;:.
Vox  Vyy Vo
VZX VZ" \'I’ZZ_
wherein Vyindicates a magnitude of the second signal received by the receiver, when oriented in
a direction “{”, as a result of the transmitter, when oriented in a direction “1”) transmitting the
first signal, where 1 and j indicate one of an x, y, or z direction of a tool coordinate system; and
wherein the linear combination associated with Vxz and Vax in the modified response matnix is -

Vxx -Vxz +Vzx +Vz and -Vxx +Vxz -Vzx +Vzz respectively.

Embodiment 15; The system of any of Embodiments 10-14, wherein the linear combination
associated with Vxz and Vzx iu the modified response matrix is -Vxx -Vxz +Vzx +Vz and -Vxx

+Vxz -Vzx +Vzz respectively.

[6083] Embodiment 16: The system of any of Embodiments 10-15, wherein the program
code to nvert the modified response matrix comprises program code to 1nvert the modified
response matrix to determine first formation properties of the geological formation within a
depth of investigation less than or equal to one half of a distance between the transmitter and

receiver and program code to invert the simple response matrix to determine second formation
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properties of the geological formation within a depth of investigation greater than one half of a

distance.

[6034] Embodiment 17 The system of any of Embodiments 10-16, further comprising
program code to geosteer a drill bit based on the formation properties to extract hydrocarbon

from the geological formation.

(6085} Embodirment 18: One or more non-transitory machine-readable media comprising
prograim code, the program code to: transmit, by a transmitter of a downhole tool inserted in a
borehole of a geological formation, a first signal; receive, by a receiver of the downhole tool, a
second signal, wherein the second signal 1s induced by the first signal in the geological
formation; determine a sirmple response matrix based on the second signal, wherein the simple
response matnx includes a plurality of response components; linearly combine one or more of
the response components; form a modified response matrix by replacing one or more of the
plurality of response components in the simple response matrix with the linear combination;
invert the modified response matrix; and output an indication of formation properties in

geological formation based on the inversion,

[086] Ermbodiment 19: One or more non-transitory machine-readable media of Embodiment
18 comprising program code, wherein the plurality of response components associated with the
simple response matrix 18 represented as:
Vix ny Vs
¥
Vs vzy Vi
wherein Vijindicates a magnitude of the second signal received by the receiver, when oriented in

(19553
1

a direction 7, as a result of the transmitter, when oriented in a direction “i”) transmitting the
first signal, where 1 and j indicate one of an x, y, or z direction of a tool coordinate system; and
wherein the linear combination associated with Vxz and Vzx in the modified response matrix is -

Veox -Vxz +Vzx +Vz and -Vxx +Vxz -Vzx +Vzz respectively.

10087} Embodiment 20: One or more non-transitory machine-readable media of Embodiment
18 or 19, wherein the one or more of the plurality of response components in the simple response
matrix is a first one or more of the plurality of response components; and wherein the program

code to form the modified response maitrix further comprises program code to set a second one or

more of the plurality of response components in the simple response matrix to a fixed value.
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WHAT IS CLAIMED I5:

I. A method comprising:
inserting a downhole tool into a borehole of a geological formation, the downhole tool

comprising a transmitter and a receiver;

transmitting, by the transmitter, a first signal;

recetving, by the receiver, a second signal, wherein the second signal is induced by the
first signal in the geological formation;

determining a simple response matrix based on the second signal, wherein the simple
response matrix includes a plurality of response components;

linearly combining one or more of the response components;

forming a modified response matrix by replacing one or more of the plurality of response
components in the simple response matrix with the lingar combination,;

inverting the modified response matrix; and

outputting an indication of formation properties in the geological formation based on the

inversion.

2. The method of claim 1, wherein the one or more of the plurality of response components
in the simple response matrix is a first one or more of the plurality of response components;
and wherein forming the modified response matrix further comprises setiing a second one or

more of the plurality of response components in the simple response matrix to a fixed value.

3. The method of claim 2, wherein the fixed value is zero.

4. The method of claim 1, wherein the geological formation is represented as formation

layers arranged vertically.

5. The method of claim 1, wherein the plurality of responses components in the simple
response matrix is represented as:

VXX v‘{y ‘JX? k

Vyx VY.V v}’z
Vex \“/zy 'yzz_

wherein Vi indicates a magnitude of the second signal received by the receiver, when

oriented in a direction 17, as a result of the transmitter, when ortented in a direction “1”,
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transmitting the first signal, where 1 and | indicate one of an x, y, or z direction of a tool

coordinate system.

6. The method of claim 5, wherein the linear combination associated with Vxz and Vzx in
the modified response matrix is -Vxx -Vxz +Vzx +Vz and -Vxx +Vxz -Vzx +Vzz

respectively.

7. The methed of claim 1, wherein inverting the medified response matrix comprises
inverting the modified response matrix to determine first formation properties of the
geological formation within a depth of investigation less than or equal to one half of a
distance between the transmitter and receiver and inverting the simple response matrix to
determine second formation properties of the geological formation within a depth of

investigation greater than one half of the distance.

8. The method of claim 1, further comprising geosteering a drill bit based on the formation

properties to extract hydrocarbon from the geological formation.

9. The method of ¢claim 1, wherein the formation properties include a resistivity of the

geological formation.

10. A systern comprising’

a downhole too] inserted in a borehole of a geological formation, the downhole tool
having a transmitter and a receiver, the transmitter transmits a first signal and the receiver
receives a second signal, wherein the second signal is induced by the first signal in the
geological formation;

a processor; and

a machine-readable medium having program code executable by the processor to cause

the processor to:

determine a simple response matrix based on the second signal, wherein the simple
response matrix includes a plurality of response components;

linearly combine one or more of the response components;

form a modified response matrix by replacing one or more of the plurality of response
components in the simple response matrix with the linear combination;

invert the modified response matrix; and
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output an indication of formation properties in geological formation based on the

mversion.

11. The system of claim 10, wherein the one or more of the plurality of response components
in the simple response matrix is a first one or more of the plurality of response components;
and wherein the program code to form the modified response matrix further comprises
program code to set a second one or more of the plurality of response components in the

simple response matrix to a fixed value.

12. The system of claim 11, wherein the fixed value is zero.

13. The system of claim 10, wherein the geological formation is represented as formation

layers arranged vertically.

14. The system of claim 10, wherein the plurality of responses components in the simple
response matrix is represented as:

Vix vxy Viz

Yox Yy Vyz

Vex vzy 'rzz_
wherein Vi indicates a magnitude of the second signal received by the receiver, when
oriented in a direction 17, as a result of the transmitier, when oriented in a direction 17,
transmitting the first signal, where 1 and j indicate one of an x, v, or z direction of a tool

coordinate system.

£5. The system of claim 10, wherein the linear combination associated with Vxz and Vzx o
the modified response matrix 15 -Vxx -Vxz +Vzx +Vz and -Vxx +Vxz -Vzx +Vzz

respectively.

16. The system of claim 10, wherein the program code to invert the modified response matrix
comprises program code to tnvert the medified response matrix to determine first formation
properties of the geological formation within a depth of investigation less than or equal to
one half of a distance between the transmitter and receiver and program code to invert the
simple response matrix to determine second formation properties of the geological formation

within a depth of investigation greater than one half of a distance.
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17. The system of claim 10, further comprising program code to geosteer a drill bit based on

the formation properties to extract hydrocarbon from the geological formation.

18. One or more non-~transitory machine-readable media comprising program code, the
program code to:

transmit, by a transmitter of a downhole tool inserted in a borehole of a geological
formation, a first signal;

receive, by a receiver of the downhole tocol, a second signal, wherein the second signal is
induced by the first signal in the geological formation

determine a simple response matrix based on the second signal, wherein the simple
response matrix includes a plurality of response components,

linearly combine one or more of the response components;

form a modified response matrix by replacing one or more of the plurality of respouse
components in the simple response matrix with the lingar combination;
invert the modified response matrix; and

output an indication of formation properties in geological formation based on the

nversion.

19. One or more non-transitory machine-readable media comprising program code of claim
18, wherein the plurality of response components associated with the simple response matrix
is represented as:

-KIYXX V“{y VXZ k

Vox Yy Vi

VZX va \"IZZ_
wherein Vi indicates a magnitude of the second signal recetved by the receiver, when
oriented in a direction 17, as a result of the transmitier, when ortented in a direction “17,
transmitting the first signal, where 1 and | indicate one of an x, v, or z direction of a tool
coordinate system; and wherein the linear combination associated with Vxz and Vzx 1o the

modified response matrix is -Vxx -VYxz +Vzx +Vz and -Vxx +Vxz -Vzx +Vzz respectively.
Y

20. One or more non-transitory machine-readable media of claim 18, wherein the one or
more of the plurality of response components in the simple response matrix is a first one or
more of the plurality of response components, and wherein the program code to form the
modified response matrix further comprises program code to set a second one or more of the
plurality of response components in the simple response matrix to a fixed value.
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