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GAIN COMPENSATED TENSOR PROPAGATION MEASUREMENTS USING
COLLOCATED ANTENNAS

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority as a Patent Cooperation Treaty patent application of
United Sates Provisional patent application serial number 61/868,451 filed August 21, 2013

with the same title.

TECHNICAL FIELD
[0002] Disclosed embodiments relate generally to downhole electromagnetic logging
methods and more particularly to a method for making full tensor, gain compensated

propagation measurements such as phase shift and attenuation measurements.

BACKGROUND INFORMATION

[0003] The use of electromagnetic measurements in prior art downhole applications, such
as logging while drilling (LWD) and wireline logging applications is well known. Such
techniques may be utilized to determine a subterranean formation resistivity, which, along
with formation porosity measurements, is often used to indicate the presence of hydrocarbons
in the formation. Moreover, azimuthally sensitive directional resistivity measurements are
commonly employed e.g., in pay-zone steering applications, to provide information upon
which steering decisions may be made.

[0004] Downhole electromagnetic measurements are commonly inverted using a formation

model to obtain various formation parameters, for example, including vertical resistivity,
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horizontal resistivity, distance to a remote bed, resistivity of the remote bed, dip angle, and
the like. One challenge in utilizing directional electromagnetic resistivity measurements, is
obtaining a sufficient quantity of data to perform a reliable inversion. The actual formation
structure is frequently much more complex than the formation models used in the inversion.
The use of full tensor propagation measurements may enable a full tensor measurement of
the formation properties to be obtained. However, finding reliable techniques for providing

an accurate gain compensated full tensor measurement has been a challenge for the industry.

SUMMARY

[0005] A method for obtaining full tensor gain compensated propagation measurements is
disclosed. The method includes rotating an electromagnetic logging tool in a subterranean
borehole. The logging tool includes at least first and second axially spaced transmitters and
at least first and second axially spaced receivers. The transmitters or receivers may include
at least one antenna having a tilted moment with respect to the longitudinal axis of the
logging tool. A plurality of voltage measurements is acquired while rotating the tool in the
borehole. The voltage measurements may be fit to a harmonic expression to obtain harmonic
coefficients. The voltage measurements are processed to construct a full tensor voltage
measurement which is in turn further processed to obtain a full tensor gain compensated
quantity.

[0006] In accordance with one embodiment, a method for obtaining full tensor gain
compensated propagation measurements includes (a) rotating an electromagnetic logging tool
in a subterranean borehole, the logging tool including at least first and second axially spaced
transmitters and at least first and second axially spaced receivers, each of the receivers
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including a set of collocated linearly independent antennas, each of the transmitters including
first and second collocated antennas, and with at least the first transmitter antenna having a
tilted moment with respect to a longitudinal axis of the tool. The method further includes (b)
acquiring a plurality of voltage measurements while rotating the tool in (a), the plurality of
voltage measurements being obtained using a corresponding plurality of pairs of the
transmitters and receivers, (c) fitting the voltage measurements to a harmonic expression to
obtain harmonic coefficients, (d) causing a processor to process the harmonic coefficients to
construct a full tensor voltage measurement, and (¢) causing the processor to process the full
tensor voltage measurement to obtain a fully gain compensated tensor quantity.

[0007] In accordance with another embodiment, a system includes an electromagnetic
logging tool having at least first and second axially spaced transmitters and at least first and
second axially spaced receivers, each of the receivers including a set of collocated linearly
independent antennas, each of the transmitters including first and second collocated antennas,
at least the first transmitter antenna having a tilted moment with respect to a longitudinal axis
of the tool. The electromagnetic logging tool acquires a plurality of voltage measurements
while rotating the electromagnetic logging tool in a borechole formed in a subterranean
formation, with the plurality of voltage measurements being obtained using a corresponding
plurality of pairs of the transmitters and receivers. The system further includes a processor
that fits the voltage measurements to a harmonic expression to obtain harmonic coefficients,
processes the harmonic coefficients to construct a full tensor voltage measurement, and
processes the full tensor voltage measurement to obtain a fully gain compensated tensor

quantity.
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[0008] In accordance with another embodiment, a method for obtaining gain compensated
full tensor electromagnetic antenna measurements includes (a) rotating an electromagnetic
logging tool in a subterranean borehole, the logging tool including at least first and second
axially spaced transmitters and at least first and second axially spaced receivers, each of the
receivers including a set of collocated linearly independent antennas, each of the transmitters
including first and second collocated calibration antennas having transverse moments with
respect to one another and with respect to the longitudinal axis of the tool, and each of the
transmitters further including a tilted antenna not collocated with the first and second
calibration antennas and having a tilted moment with respect to a longitudinal axis of the
tool. The method further includes (b) acquiring a plurality of voltage measurements while
rotating the tool in (a), the plurality of voltage measurements obtained using a corresponding
plurality of pairs of the tilted transmitter antennas and the triaxial receiver antennas, (c)
fitting the voltage measurements to a harmonic expression to obtain harmonic coefficients,
(d) causing a processor to process the harmonic coefficients to construct a full tensor voltage
measurement, and (¢) causing the processor to process the full tensor voltage measurement to
obtain a fully gain compensated tensor quantity.

[0009] In accordance with yet another embodiment, a system includes an electromagnetic
logging tool having at least first and second axially spaced transmitters and at least first and
second axially spaced receivers, each of the receivers including a set of collocated linearly
independent antennas, each of the transmitters including first and second collocated
calibration antennas having transverse moments with respect to one another and with respect
to the longitudinal axis of the tool, each of the transmitters further including a tilted antenna
not collocated with the first and second calibration antennas and having a tilted moment with
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respect to a longitudinal axis of the tool. The electromagnetic logging tool acquires a
plurality voltage measurements while rotating in a subterranean borehole, the plurality of
voltage measurements being obtained using a corresponding plurality of pairs of the tilted
transmitter antennas and the triaxial receiver antennas. The system also includes a processor
that fits the voltage measurements to a harmonic expression to obtain harmonic coefficients,
processes the harmonic coefficients to construct a full tensor voltage measurement, and
processes the full tensor voltage measurement to obtain a fully gain compensated tensor
quantity.

[0010] The disclosed embodiments may provide various technical advantages. For
example, the disclosed methodology provides for full tensor gain compensated propagation
measurements. The measurements are sensitive to vertical and horizontal formation
resistivity (anisotropy) as well the presence of a remote bed boundary at all dip angles. The
full tensor measurements may therefore be utilized in an inversion to obtain the vertical and
horizontal resistivity of local and remote beds, as well as the distance and dip angle to the
boundary. Moreover, the full tensor gain compensated propagation measurements are
sensitive to the full three dimensional conductivity tensor and therefore may provide
information on the three dimensional structure of the formation, for example, including
faults, fractures, folded layers, and unconformities.

[0011] This summary is provided to introduce a selection of concepts that are further
described below in the detailed description and is intended to familiarize the reader with
certain aspects and contexts of embodiments of the present disclosure without limitation to

the claimed subject matter.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0012] For a more complete understanding of the disclosed subject matter, and advantages
thereof, reference is now made to the following descriptions taken in conjunction with the
accompanying drawings, in which:

[0013] FIG. 1 depicts one example of a rig on which electromagnetic logging tools may be
utilized.

[0014] FIG. 2A depicts one example of the electromagnetic logging tool shown on FIG. 1.
[0015] FIG. 2B schematically depicts an electromagnetic logging tool including collocated
triaxial transmitters and receivers.

[0016] FIG. 2C schematically depicts an electromagnetic logging tool including collocated
linearly independent transmitter and receiver triads in which the a, b, and ¢ antenna are not
necessarily aligned with the x, y, and z axis of the logging tool.

[0017] FIG. 3 depicts a transmitter receiver pair deployed in an arbitrary global X, ¥, Z
reference frame.

[0018] FIG. 4 depicts a flow chart of a disclosed method embodiment.

[0019] FIG. 5 depicts a flow chart of another disclosed method embodiment.

[0020] FIG. 6 schematically depicts an electromagnetic logging tool suitable for use with
the method embodiment depicted on FIG. 5.

[0021] FIG. 7 depicts a flow chart of still another disclosed method embodiment.

[0022] FIG. 8 schematically depicts an electromagnetic logging tool suitable for use with

the method embodiment depicted on FIG. 7.
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DETAILED DESCRIPTION

[0023] FIG. 1 depicts an example drilling rig 10 suitable for employing various method
embodiments disclosed herein. A semisubmersible drilling platform 12 is positioned over an
oil or gas formation (not shown) disposed below the sea floor 16. A subsea conduit 18
extends from deck 20 of platform 12 to a wellhead installation 22. The platform may include
a derrick and a hoisting apparatus for raising and lowering a drill string 30, which, as shown,
extends into borehole 40 and includes a drill bit 32 deployed at the lower end of a bottom
hole assembly (BHA) that further includes an electromagnetic measurement tool 50
configured to make full three dimensional tensor electromagnetic logging measurements.
[0024] 1t will be understood that the deployment illustrated on FIG. 1 is merely an
example. Drill string 30 may include substantially any suitable downhole tool components,
for example, including a steering tool such as a rotary steerable tool, a downhole telemetry
system, and one or more MWD or LWD tools including various sensors for sensing
downhole characteristics of the borehole and the surrounding formation. The disclosed
embodiments are by no means limited to any particular drill string configuration.

[0025] It will be further understood that disclosed embodiments are not limited to use with
a semisubmersible platform 12 as illustrated on FIG. 1. The disclosed embodiments are
equally well suited for use with either onshore or offshore subterranean operations.

[0026] FIG. 2A depicts one example of electromagnetic measurement tool 50. In the
depicted embodiment measurement tool 50 includes a logging-while-drilling (LWD) tool
having first and second triaxial transmitters T1 and T2 depicted at 52 and 54 and first and

second receivers R1 and R2 depicted at 56 and 58 spaced axially along LWD tool body 51.
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In the depicted embodiment, each of the transmitters 52, 54 and receivers 56, 58 includes a
collocated linearly independent antenna arrangement.

[0027] Electromagnetic logging tools commonly use axial, transverse, and/or tilted
antennas. An axial antenna is one whose moment is substantially parallel with the
longitudinal axis of the tool. Axial antennas are commonly wound about the circumference
of the logging tool such that the plane of the antenna is substantially orthogonal to the tool
axis. A transverse antenna is one whose moment is substantially perpendicular to the
longitudinal axis of the tool. A transverse antenna may include a saddle coil (e.g., as
disclosed in U.S. Patent Publications 2011/0074427 and 2011/0238312, incorporated herein
by reference). A tilted antenna is one whose moment is neither parallel nor perpendicular to
the longitudinal axis of the tool. Tilted antennas generate a mixed mode radiation pattern
(i.e., a radiation pattern in which the moment is neither parallel nor perpendicular with the
tool axis). It will be understood that a tilted antenna is not necessarily tilted in the sense that
a plane of the antenna is tilted with respect to the tool axis. By tilted it is meant that the
antenna has a tilted moment with respect to the axis.

[0028] As stated above with respect to FIG. 2A, the transmitters 52, 54 and receivers 56,
58 ecach include a collocated linearly independent antenna arrangement (one example
arrangement of which is depicted schematically on FIG. 2B). A triaxial antenna arrangement
(also referred to as a triaxial transmitter, receiver, or transceiver) is one example of a linearly
independent antenna arrangement in which two or three antennas (i.c., up to three distinct
antenna coils) are arranged to be mutually independent. By mutually independent it is meant
that the moment of any one of the antennas does not lie in the plane formed by the moments
of the other antennas. Three tilted antennas is one common example of a triaxial antenna
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sensor. Three collocated orthogonal antennas, with one antenna axial and the other two
transverse, is another common example of a triaxial antenna sensor.

[0029] FIG. 2B depicts the moments of triaxial transmitters 52, 54 and receivers 56, 58.
Each of the transmitters 52, 54 includes an axial antenna T'1, and T2, and first and second
transverse antennas T1y, T1, and T2,, T2,,. Likewise, each of the receivers 56, 58 includes
an axial antenna R1, and R2, and first and second transverse antennas R1,, R1, and R2,,
R2,. In the depicted embodiment, the moments of the transmitter and receiver antennas are
mutually orthogonal and aligned with the x, y, and z axes as indicated in a conventional
borehole reference frame in which the z-axis is coincident with the axis of the tool. It will be
understood that the disclosed embodiments are expressly not limited in this regard.

[0030] FIG. 2C depicts the moments of a more generalized antenna arrangement including
first and second axially spaced transmitter and receiver triads in which the moments of each
of the transmitter and receiver antennas define three linearly independent directions a, b, and
c. It will be understood that the a, b, and ¢ directions are not necessarily mutually
orthogonal. Nor are they necessarily aligned with the x, y, and z axes of a borehole reference
frame or any other reference frame. Moreover, the a, b, and ¢ directions of the moments of
any one transmitter or receiver are not necessarily aligned with the a, b, and ¢ directions of
the moments of any of the other transmitters or receivers.

[0031] As is known to those of ordinary skill in the art, a time varying electric current (an
alternating current) in a transmitting antenna produces a corresponding time varying
magnetic field in the local environment (e.g., the tool collar and the formation). The
magnetic field in turn induces electrical currents (eddy currents) in the conductive formation.

These eddy currents further produce secondary magnetic fields which may produce a voltage

9
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response in a receiving antenna. The measured voltage in the receiving antennae can be
processed, as is known to those of ordinary skill in the art, to obtain one or more properties of

the formation.

FULL TENSOR COUPLING WITH ROTATION AND BENDING
[0032] From Ampere’s law, the relationship between the induced magnetic field and the
current flow J and displacement current dD due to an electric field E applied to a material
with conductivity & and dielectric constant £ is not necessarily in the same direction as the
applied electric field.

VxH =] + 0D = GE — iwéE = (5 — iwd)E =G'E (1)
[0033] In general the carth is anisotropic such that its electrical properties may be
expressed as a tensor which contains information on formation resistivity anisotropy, dip, bed

boundaries and other aspects of formation geometry. Thus the three dimensional current

flow | may be expressed as follows:

Jx + 0Dy = 0y 'Ext0y,'E,, + 0,,'E, 2)
Jy + 9D, = o0,,'E,+0,,'E, + 0,,'E, 3)
] + 0D, = 0,,'E,+o0,,'E, + 0,,'E, (€))

[0034] where the full (three dimensional) conductivity tensor may be given as follows:

14 14 14
Oxx Oxy Oxz

o' = oy’ oy 0y, &)

Ozx Ozy Ozz
[0035] The mutual couplings between the collocated triaxial transmitter coils and the

collocated triaxial receiver coils depicted on FIGS. 2A and 2B form a full tensor and have
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sensitivity to the full conductivity tensor given in Equation 5. The measured voltage 7 may

be expressed as a full tensor as follows:

Vex ny Viz L, 0 O Zyx ny Zyy
V=1%x By W |=1Z=|0 L 0|(Zy Zyy Zy, (6)
Ve Voy  Viz 0 0 L||Zy Z Z,

[0036] where V represents the measured voltage tensor in the receiver coils, 7 represents
the transmitter currents, and Z represents the transfer impedance which depends on the
electrical and magnetic properties of the environment surrounding the coil pair in addition to
the frequency, coil geometry, and coil spacing. The first letter in the subscript in the V" and Z
tensors corresponds to the direction of the transmitter while the second corresponds to the
direction of the receiver. For example Z,, represents the mutual coupling between a
transmitter firing with current I, and aligned with the x axis and the receiver aligned with the
X-axis, Zy, represents the mutual coupling between the y transmitter firing with current I,
and the x-axis receiver, and so on.

[0037] With continued reference to FIGS 2A, 2B, and 2C, the measured voltage of any
particular antenna coil (for a given transmitter current) can be related to a number of factors,
such as the induced voltage in a subterranean formation, the direct coupling voltage on the
coil, the induced voltage from the collar, as well as the transmitter and receiver gains.

Ire 0 0 |[Zxx Zxy Ziz|[gre O O

V=0GrZGr=|0 gry O ||Zyx Zyy Zy[| 0O gry O (7
0 0 gTZ sz Z Zzz 0 0 ng

zy
[0038] where Gr represents a diagonal matrix of the transmitter gains gry, gry, and gr,

and Gg represents a diagonal matrix of the receiver gains ggry, gry, and gg,. It will be

understood that in Equation 7, the transmitter currents / are included in the generalized
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transmitter gains. If the magnetic field produced by the transmitter coil is approximately
constant in magnitude and direction across the receiver coil, then the mutual inductive
coupling scales with the number of turns in the antenna coil and the effective coil areas of the
transmitter and receiver. However, as described above with respect to FIG. 2C, the antenna
moments are not necessarily perfectly aligned with the x, y, and z coordinate axes, nor are
they necessarily mutually orthogonal. Thus Equation 7 may be written in a such way that the
gains include a generalized gain times a unit vector that points in the direction normal to the

arca enclosed by the antenna coil, for example, as follows:

v=|0 Irp 0 Mrgqy Mrpy Mrey| Z|MRay MRby MRey 0 Irp 0

t
I7a 0 0 [mTax Mrpx Moy Mpax Mppx  Mpex] 9Ra 0 0
m m m m m m
0 0 7, Taz Thz Tcz Raz Rbz Rezl| O 0 9pe

.t ot ot -
IradraMra £Mea  Jra9reMra ZMepy  Ira9rcMra ZMpe

_ ot PN PN

= |GrvGraMrp ZMpq  GroGroM1p ZMpy G GRMTp LZMRC

L~ by L~ by L~ by
Ire9raMre ZMpa  GreGrpMre ZMpy  JreGreMre ZMp ]

= GrmptZmyGy (8)
[0039] where ¢ represents the transpose of the corresponding matrix. The subscripts a, b,
and c refer to the antenna triad moment directions and define three linearly independent
directions. It will be understood that a, b, and ¢ are not necessarily mutually orthogonal.
The matrix terms Mrqy, Mrqy, and my,, represent projections of a unit vector iy, that is in
the direction of the ‘a’ transmitter moment on the x, y, and z coordinate axes; Mypy, Mrpy,
and myy, represent projections of a unit vector My, that is in the direction of the ‘b’
transmitter moment on the x, y, and z coordinate axes; and My, My, and mr., represent
projections of a unit vector My, that is in the direction of the ‘c’ transmitter moment on the x,

y, and z coordinate axes. Similarly, mggy, Mpqy, and Mgy, represent projections of a unit
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vector My, that is in the direction of the ‘a’ receiver moment on the x, y, and z coordinate
axes; Mgpy, Mgpy, and Mgy, represent projections of a unit vector #ig, that is in the
direction of the ‘b’ receiver moment on the x, y, and z coordinate axes; and Mgy, Mpgey,, and

Mg, represent projections of a unit vector Mg, that is in the direction of the ‘¢’ receiver
moment on the X, y, and z coordinate axes.
[0040] The transfer impedance tensor, Z, is a function of the subterrancan formation
properties, for example, as expressed below:

Z = f(on, 0y, €n, &, L, dip angle, dip azimuth angle, bed thickness) 9)
[0041] where oy, represents the horizontal conductivity, o, represents the vertical
conductivity, &, represents the horizontal dielectric constant, &, represents the vertical
dielectric constant, and L represents the distance to a remote bed. The apparent dip angle is
generally defined as the angle between and the tool axis and the normal vector of the bed.
The apparent dip azimuth angle is generally defined as the angle between the xz plane of the
tool and the horizontal component of the bed normal vector. A bed boundary is defined by
two adjacent beds with different conductivities.
[0042] FIG. 3 depicts a transmitter receiver pair deployed in an arbitrary global X, Y, Z
reference frame. Local x, y, z reference frames are depicted at each of the transmitter and
receiver locations. In the depicted example, transmitter T1 is deployed on a first sub 62 and
R1 is deployed on a second sub 64 such that BHA makeup (axial rotation) and bending (cross
axial rotation) may rotate the transmitter and receiver triads (as well as the local reference
frames) with respect to one another. In the following analysis, BHA makeup and bending are
considered sequentially (although the disclosed embodiments are not limited in this regard).

The tool is first considered to be unbent and aligned with the global Z axis. Since the

13
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rotational orientation of each sub may be considered to be random, the transmitter and
receiver moments may be rotated about their corresponding local z axis, for example, as
follows:
R,ampg and Ry, my

[0043] where R, represents the rotation matrix of an axial rotation about angle a, R,
represents the rotation matrix of an axial rotation about angle y, and mg and my are matrices
representing the magnetic moments of the receiver and transmitter triads. After the axial
rotations given above, the angular offset between the local x, y, z reference frames may be
given as ¥ —a. Tool bending may then be considered as a separate rotation about an
arbitrary cross axial rotation axis, for example, as follows:

Mg = RppenaRzaMr = RpMg

hy = RrpenaRzymr = Rymy (10)
[0044] where 1y and rhy represent the rotated receiver and transmitter moments (rotated
both axially and via a tool bend).
[0045] With reference again to FIG. 2C, a propagation tool may be considered having first
and second transmitter triads and first and second receiver triads in which the magnetic
moments of each transmitter and receiver are aligned along arbitrary linearly independent
directions. By linearly independent, it is meant that none of the moment directions in the
triad may be written as a linear combination of one or both of the other moment directions in
the triad.
[0046] Voltages measured on the receiver R2 triad induced by currents in the transmitter

T1 triad may be expressed as a 3x3 tensor, for example, as follows:
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Vi Vizwy Viexz
Vipg = [Vizyx Vizyy Vizyz (11)
Vlsz VlZzy VlZzz

[0047] As in Equations 7 and 8, the voltages V;, may be expressed in terms of the
electronic gains and rotated moments. Assuming no other coupling between the transmitter
and receiver triads (i.c., that capacitive coupling, crosstalk, and noise are negligible) leads to
the following tensor model:
Vig = Grimpy"Z1;MpyGry = Gr1Z15Gry (12)

[0048] Where Gy, represents the transmitter gains, Gg, represents the receiver gains, my,*
represents the transpose of the unit vector projections of transmitter T1, mg, represents the
unit vector projections of receiver R2, G = Grymp,t, and Gy = MpyGro.
[0049] The gains from receiver R1 may be eliminated by taking the following combination
of voltages and computing the quantity M,,, for example, as follows:

My, = V11V21_1 = G;"lzllG;?lG;?l_lZZlG;"Z_l = 6;1211221_16;2_1 (13)
[0050] It will be understood that Equation 13 assumes that G, and Gg; are invertible.
These generalized gain matrices are each products of a diagonal gain matrix, a rotation
matrix (for which the transpose is its inverse), and the moment matrix. Since the diagonal
gain matrix and rotation matrices are invertible, invertibility of Gy, and Gg; depends on the
invertibility of my, and mg;. The gains from receiver R2 may be similarly eliminated by

computing the quantity My,, for example, as follows:

_ . ;s -1 . o-1 . 1. -1
My, = VaoVip L= GrpZ33GRoGry  Z12Gry = GrpZapZyy 1GT1 (14)
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[0051] Equation 14 assumes that G; and Gy, are invertible along with m;; and mg,.
Combining M, and M;,, for example, as follows results in a quantity M, that depends only
on the generalized gains of the transmitter T1.
Moy = My My, = G;"lzllZZl_lG;"Z_16;"2222212_16;"1_1 = G;"1U21G;"1_1

= GryMpi"Ryy"UpgRpympy "Gy ™ = GTlmTltU,ZlmTl_tGTl_l (15)
[0052] Note that in the quantity M,; all receiver gains have been removed (e.g., only the
transmitter T1 gains remain). Moreover, since U,; = RTltUﬂRT1 is the rotation of U, from
the global reference frame to the local T1 reference frame, M,, only depends on the gains
and moment directions at the location of the T1 transmitter. It is independent of the gains,
moment directions, and orientations (including bending and alignment) of the other
transmitter and receiver triads.
[0053] Similarly, M,; and M;, may also be combined, for example, to obtain a quantity

M, that depends only on the generalized gains of the transmitter T2.

1 1

- —1 7 -1 - —1," ~ - -
Mip = M1oMyy = GrpZypZy; "Gry GriZynZy Grp = GrpUspGr
— tp t —tp =1 _ trr -t . _1
= GroMry Rry UpReoMmey "Gy~ = Grompy Upyme,  Gr (16)
[0054] Note that in the quantity M, all receiver gains have been removed (e.g., only the
transmitter T2 gains remain). Moreover, the resulting quantity M;, only depends on the
gains and moment directions at the location of the T1 transmitter. It is independent of the
gains, moment directions, and orientations (including bending and alignment) of the other
transmitter and receiver triads. Other expressions may be obtained by changing the order of

the individual terms so that similar quantities are obtained depending only on the receiver R1

and R2 gains and rotations.
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[0055] Consider now the special case in which the moments of the a, b, and ¢ transmitter
coils of T1 are aligned with the x, y, and z axes. In this special case, the gain matrices are

diagonal and the tensor quantity M, ; may be expressed as follows:

g dT1a 17 dT1a 17
U U =—U
21xx 9T1b 21xy IT1c 21xz
gT1b 7, /] gT1b 1]
M, =|=—U U —U 17
21 911 21yx 21yy IT1c 21yz ( )
dT1c t; dT1c 17 g
U U U
9711 21zx 9T1b 21zy 2177

[0056] Note that the diagonal terms of M, are fully gain compensated while the cross
terms are dependent on certain ratios of the transmitter gains on transmitter T1. Each of the

tensor terms is also dependent on the rotation at the location of the T1 transmitter since
Uy = RTltU21RT1 (see Equation 15). Taking the generalization of the standard case further,
the phase shift and attenuation of M,; may further be computed. To find the natural
logarithm of M, the matrix is first diagonalized, for example, as follows:
MZl = P~ M5, P (18)
[0057] where P is a matrix of eigenvectors of M,; (each column of P is an eigenvector of
M,,) and M, is a diagonal matrix whose diagonal clements are cigenvalues of M.
Replacing each diagonal element of M, by its natural log to obtain In(M,,) yields:
In(M3,) = P]Vf21p_1 (19)

[0058] The phase shift and attenuation may then be expressed as follows:

180

PS;1 = Tlm[ln(]\/[n)] (20)
20
AD,; = MRe[ln(Mn)] (21)
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[0059] where the phase shift PS,; is given in degrees, the attenuation AD,; is given in
decibels, Im[In(M,,)] represents the imaginary portion of In(M,,), and Re[ln(M>,)]
represents the real portion of In(M,,).

[0060] It will be understood that the phase shift and attenuation tensors given in Equations
20 and 21 have a similar form to the tensor quantity M,; given in Equation 17 in that the
diagonal elements are gain compensated and that the off diagonal elements (the cross terms)
are equal to the gain compensated cross term multiplied by a gain ratio. The remaining gain
error on each of the cross terms tends to be small (fractional) since each gain error is a ratio
of the two transmitter gains. As a result, when employing the presently disclosed techniques,

gain calibrations do not have to be as stringent as when compared to the prior art.

BHA BENDING AND ROTATION

[0061] FIG. 4 depicts a flow chart of one example method embodiment 100 for obtaining a
full tensor gain compensated propagation measurement. An electromagnetic logging tool is
rotated in a subterranecan borehole at 102. The logging tool includes at least first and second
axially spaced transmitters and at least first and second axially spaced receivers, each of the
transmitters and each of the receivers including a set of three collocated, linearly independent
antenna moments. At least one of the transmitters and/or receivers is non-triaxial. A
plurality of full tensor voltage measurements is acquired at 104 while rotating at 102. The
full tensor voltage measurements are obtained from a corresponding plurality of pairs of the
transmitters and receivers. A processor, such as a downhole processor, processes the full
tensor voltage measurements to obtain a partially gain compensated full tensor quantity at

106. As shown in the examples above and further below, a partially gain compensated full
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tensor (e.g., nine terms) may refer to one in which some of the tensor terms are fully gain
compensated (e.g., diagonal terms in Equation 17), and some are not fully gain compensated
(e.g., the cross terms of Equation 17 are dependent on certain ratios of the transmitter gains).
[0062] In logging while drilling operations, measurements are made while the logging tool
rotates in the borchole. Such rotation may be included in the foregoing model. Consider a
first transmitter receiver pair. Rotation of the drill string causes the logging tool to rotate
about its z-axis such that the transmitter and receiver moments each rotate through a common
angle @ about their local z-axis. Moreover, during directional drilling operations, the drill
string typically bends to accommodate the changing borehole direction. Following Equation
10, the transmitter and receiver moments may be expressed as follows taking into account
drill string rotation, bending, and relative rotation of the transmitter with respect to the
receiver.

Mg rot = Rr_rarotMr = Rr_ra_rotRrbenaRzaMr

Mr ot = Rr_praros Mr = Rt BHA rotRTpenaRzyMr (22)
[0063] where 1y o and My .. represent the receiver and transmitter moments after drill
string rotation and Rp gy ror and Rr pga ro¢ represent the rotation matrices that rotate the
receiver and transmitter moments about their respective tool axes (which are rotated with
respect to one another owing to relative axial rotation BHA bending). Again, consider the
case in which the moments of the a, b, and ¢ antenna are aligned with the x, y, and z axes:

Mg rot « = Rr A rotMra = Mgq cos(8) + Mgy sin(6)
Mg rot b = Rr pHa rotMpp = —Mpq sin(0) + Mgy cos(6)

Mg rot ¢ = Rr BHA rotTMre = Mg (23)

Mr ot o = Rr BHA rotMra = Mrg cos(0) + My, sin(6)
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T rot b = Rr A rotMp = —Mpq sin(0) + My, cos(6)

3

24)

3

7 rot.c = R1 BHA rotM1e = My

[0064] The voltage tensor Vyg(0) measured at any rotation angle 8 may be expressed, for

example, as follows:

Vg ) = Gr (;nTrot(e))tszmt(e)GR (25)

[0065] Following Equation 25, the voltage tensor Viygx(0), at angle 6 = 0, may be

expressed as follows:

Vrr (0) = GTmTtZﬁlRGR

; ; ; t ’ ’ ,
dra 0 0 Mragx Mrpx Mrex Mpax Mprpx Mgex| [Gra 0 0
=0 g O [||Mray Mrpy Mrey| Z|Mray Mrpy Mpey|| 0 grp O
0 0 9rcl |Myq, Mpp, Mrey Mpaz Mpgpz; Mpey 0 0 Yre
z b z b z b
Ira9raMra ZMra  Jra9rpMra ZMepy  Gra9rcMra LMpe
z bt z bt z bt
IrodraMry ZMpq  GroGroMrp ZMpp  GrpGreMrp ZMp, (26)

2t 2t 2t
Irc9raMrc ZMpg  GrcIrpMre ZMpp  JrcGrcMre ZMpe
[0066] Rotating the BHA one quarter turn to 8 = g rotates the ¢ antenna to a direction at
which the b antenna was pointing at & = 0 and rotates the b antenna to a direction opposite

that the direction at which the a antenna was pointing at & = 0. The direction of the ¢

antenna remains unchanged (as it is coincident with the rotation axis of the BHA). Following

Equation 25, the voltage tensor Vg (g) may be expressed as follows:

s oMt T
Vg (E) = Grihr (E) Zihg (E) Gg
, , , t , , ,
Ita 0 0 1|[Mrpx —Mrax Mrex Mppx  —Mprax  Mpex | [GRra 0 0
=10 Irp 0 Mrpy —Mragy Mrey| Z|Mrpy —Mpray Mgey 0  Yrp 0
0 0 grcl |y, —thrg, thre, Mpp, —Mraz Mpez|L 0 0 gre
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z U 2t o z bt o
Ira9raMrp ZMey  —Gra9roM1p LZMpa  GraJrcMrp LMpe
z b z b z b
=7 9rv9raMra ZMpp  Gro9GroM1a ZMRq  —Gr0GRcMTa LMRC (27)

5 Lo = b, z b
9rcraMre ZMpp  —GrcGroMre LMprq  GreGrcMre LMpe
[0067] Taking the compensated combinations as in Equations 15 and 16 gives similar

results:

1 9T1a 717 9T1a 1,
] £1a i £he g
12xx 9T1b 12xy IT1c 12xz
grib y; § grib y;
Mlz (0) = 9714 U12yx U12yy IT1c U12yz (28)
gT1c 17 dT1c 17 /]
U e g U
Lng 12zx 9T1b 12zy 12zz J

[0068] where M;,(0) represents the quantity My, at & = 0. A similar combination may

w

be obtained at 6 = 3 and then mathematically rotating the results by -90 degrees.

I g rd g I
0 1 0 0 1 0 U12xx ﬁUlzxy ﬁUlzxz
10 o[a,(3)|-1 0 of=|g=U U e 29
L0 0P, (F)|-1 0 0| =gl Ty il 09
LZ::: Ulsz % UlZzy UlZzz J

[0069] Note that Equation 29 is similar to Equation 28 except that g, and grip have
traded places. In principle, multiplying the xy and yx terms in Equations 28 and 29 may be
used to eliminate the gain in these terms. However, such an approach does not eliminate the

gain in the cross terms involving the ¢ antenna (i.¢., the xz, zX, yz, and zy terms).

COMPENSATION USING BHA ROTATION AND TILTED ANTENNAS

[0070] FIG. 5 depicts a flow chart of another example method embodiment 120 for
obtaining a full tensor gain compensated propagation measurement. An electromagnetic
logging tool is rotated in a subterrancan borehole at 122. The logging tool includes at least

first and second axially spaced transmitters and at least first and second axially spaced
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receivers. Each of the receivers includes a set of collocated linearly independent antennas.
Each of the transmitters includes first and second collocated antennas, at least the first
transmitter antenna having a tilted moment with respect to a longitudinal axis of the tool. A
plurality voltage measurements is acquired at 124 while rotating the tool at 122. The
plurality of voltage measurements is obtained using a corresponding plurality of pairs of the
transmitters and receivers. The voltage measurements are fit to a harmonic expression at 126
to obtain harmonic coefficients. The harmonic coefficients are processed at 128 to construct
a full tensor voltage measurement. The full tensor voltage measurement is further processed
at 130 to obtain a fully gain compensated tensor quantity.

[0071] FIG. 6 depicts another embodiment of a tool configuration including a tilted
transmitter arrangement. The depicted tool configuration includes first and second subs 72
and 74 as described above with respect to FIG. 3. First and second receivers are deployed on
the corresponding subs. Each receiver includes a set of collocated linearly independent
antennas (referred to herein as a receiver triad). First and second transmitters (T1 and T2)
cach of which includes an a antenna having a moment tilted with respect to the tool axis and
a b antenna having a moment perpendicular to the tool axis are also deployed on the
corresponding subs as depicted. The moment of the a antenna is tilted at an angle  with
respect to the tool axis.

[0072] While FIG. 6 depicts first and second subs 72 and 74, each including a
corresponding transmitter and a reciever, it will be understood that the disclosed
embodiments are not limited to any particular collar configuration. For example, each of the
transmitters and receivers may be deployed on distinct subs. In other embodiments, both
transmitters and receivers may be deployed on a single sub.
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[0073] It will be further understood, according to the principle of reciprocity, that the
transmitting and receiving antennas may operate as either a transmitter or a receiver when
coupled with the appropriate transmitter and/or receiver electronics such that the transmitters
and receivers may be swapped without affecting the gain compensation methodology that
follows. Therefore, in the embodiment depicted on FIG. 6, the transmitters T1 and T2 may
be swapped with the receivers R1 and R2 such that each transmitter includes a set of
collocated linearly independent antennas and each receiver includes an @ antenna having a
moment tilted with respect to the tool axis.
[0074] The moment My, of the a transmitter may be decomposed into moments parallel
and perpendicular to the tool axis direction iy, for example, as follows:

tha = (f;\lTa - (ﬁ,\lTa 'ﬁT)) + (ﬁ,\lTa 'ﬁT)ﬁT = sin(p) ﬁ,\lTa_perp + cos(B)dr  (30)
[0075] where tha_perp represents the component of the ¢ transmitter antenna that is
orthogonal to the tool axis .
[0076] As described above, rotation of the drill string causes the logging tool to rotate
about its z-axis such that the transmitter and receiver moments each rotate through a common
angle 4 about their local z-axis. The transmitter and receiver moments may be expressed as
functions of the angle 0, for example, as follows:

mT_rot_a = RT_BHA_rotmTa = sin(p) (mTa_perp cos(8) + myy Sil’l(@)) + cos(f) iy

mT_rot_b = RT_BHA_rotme = —sin(f) mTa_perp sin(@) + My, cos(0) (31)

Mg rot « = Rr BHA rotMra = Mgq cos(8) + Mgy sin(6)
Mg rot b = Rr pra rotMerp = —Mgg sin(@) + Mg, cos(0)

Mg rot ¢ = Rr BHA rotMre = Mpe (32)
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[0077] where 7’;\1T_rot_a and th_rot_b represent the a and b transmitter moments with

rotation and My, ¢ ¢, My ot p» a0 Mp o - TEPresent the a, b, and ¢ receiver moments.

[0078] The voltage V;z(0) measured for any particular transmitter receiver pair may be
expressed as given above in Equation 25 where the transmitter gain matrix Gy is given as

follows:

Jrasin(g) 0 0
GT = 0 drp 0 (33)
0 0 grqcos(B)

[0079] The voltage V75 (8) may further be expressed in harmonic form, for example, as
follows:
Vrr(0) = Vrg pc + Vrr_prc €08(8) + Vig_pys sin(6)+...

Vrr_suc €08(20) + Vrg_sys sin(20) (34)
[0080] wherein Vrg pce represents the DC (or average), Vrg ryc and Vg pys represent the
first harmonic cosine and sine, and Vrp syc and Vryg sys represent the second harmonic
cosine and sine. For the tilted a transmitter antenna, the DC, second harmonic cosine, and
second harmonic sine terms are dependent on r’r’\lTa_perp whereas the first harmonic cosine
and first harmonic sine terms are dependent on #iy. The harmonic terms may be obtained by
fitting the measured voltages during rotation (as a function of tool face angle) to Equation 34.
The contributions of the moment of transmitter antenna a that are parallel and perpendicular

to the tool may be separated from one another using the harmonic terms. For example,
~ b 7 A
Vrara_rrc = 9ra9ra COS(B) U ZMp,

Vrara rus = 9ra9ra €OS(B) ﬁTt Zf;\le (35)
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[0081] A full three dimensional voltage tensor may then be obtained by fitting each of the
rotation dependent voltage measurements Vigpa(0), Viarn (0)s Vigre (), Vipra(8),
Vrprp (0), and Vipp (0) to Equation 34 and solving for the corresponding harmonics. The
harmonics may then be used to obtain the various voltage tensor terms. Following the
procedure described above with respect to Equations 26 and 27, the voltage tensor Vg (0), at
angle 6 = 0, may be constructed from the following combination of measured voltage
harmonics:

VTaRa_DC + VTaRa_SHC VTaRb_DC + VTaRb_SHC VTaRc_FHC
Vir(0) = |Vrora pc + Vrara suc  Vrvrb e + Vrvrb suc Vrcre rre 37)
VTaRa_FHC VTaRb_FHC VTaRc_DC

. £ t_ . £ t_ . A t_
Sln(ﬂ) Ira9raMra_perp ZMpg Sln(ﬂ) Ira9rb M0 perp Zmpgy Sln(ﬂ) Ira9rcMTa_perp ZMp,

A [ A [ A t
gTbgRame_perp ZmRa gTbgRmeb_perp ZmRb gTbchme_perp Zch

cos(f) gTagRaﬁthmRa cos(p) gTagRbﬁthmRb cos(f) gTachﬁthch

[0082] Inspection of the last expression in Equation 37 reveals that it is equal to Equation

27 with the equivalent transmitter gains given in Equation 33. Similarly, the voltage tensor

Vrr (g), at angle 8 = g, may be expressed as follows:

VTaRa_DC - VTaRa_SHC VTaRb_DC - VTaRb_SHC VTaRc_FHS

T
Vrr (5) = |Vrora pc — Vrara sac  Vroro bc — Vroro suc Vrere Fus (3%)
VTaRa_FHS VTaRb_FHS VTaRc_DC
. %zt . z bt . z U
sin(B) graGraMrp ZMgp —sin(f) graGroMrp ZMpq  SIN(B) graGrcMrp ZMge
z bt 2t z bt
—9rp9T1aM10 LMPEY It IrpMTa ZMpg —91prcM1a LMpe
z b z b z b
cos(B) greGraMrc ZMgp  — c0S(B) greGroMre ZMpg  €OS(B) GreGreMre ZMp,

[0083] The quantity M;,(0) may be computed, for example, as described above with

respect to Equation 28.
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- . g - -
Utaxx sin(fr1) ﬁ Uiaxy tan(Br1)Usaxz
1 Jgrib yj 7 1 dT1b ¥,
= |—23=2 U 911b 7
M12(0) = | ot graa U129 12yy cos(Br1) gria 2V (39)
4 g 4 Vd
cot(Br)VUi2zx  €os(Bry) ﬁ Uiazy U222

[0084] The tensor quantity M;,(0) includes five (out of nine) fully compensated tensor

terms with the y-axis cross terms including a ratio of the tilted transmitter gains. Likewise,

following Equation 29, a similar combination may be obtained at 6 =§ and then

mathematically rotating the results by -90 degrees.

) - 0O -1 0 - 0 1 0
My, (%) = [1 0 o|M(5)|-1 0 0
0O 0 1 0 0 1
U 1 gT1b 71 1 ar1b 1;
12xx sin(Br1) 9ria 2% cos(Bri) gria  LAX7
= Sil’l(ﬁ'pl)wl’]ﬂy){ UlZyy tan(ﬁTl)(]lZyZ (40)
911b
COS(ﬁTl)%Ulzzx cot(Br1)Ur2zy U222

[0085] The tensor quantity M, (g) includes five (out of nine) fully compensated tensor
terms with the x-axis cross terms including a ratio of the tilted transmitter gains. It will be
appreciated that the computed quantities M;,(0) and M, (g) together contain sufficient

information to compute a fully gain compensated tensor quantity (assuming that the tilt angle
fr1 1s known). By fully gain compensated, it is meant that each of the nine tensor terms is

compensated with respect to transmitter and receiver gains. The fully compensated quantity
My,c may be computed tensor term by tensor term from M, (0) and M, (g), for example,

as follows:
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_ - — - — .
JMlz (0)sex M2 (5) JMlz (0) ey M, (5) cot(Br1)M12(0)y,
xx xy
- T - A “ 13
Mizc = JMlz (O)ylez (E)yx JMlz (O)yyMlz (E)yy cot(Br1) M, (;)yz (41)
i tan(ﬁTl)Mlzxz(O) tan(Br1) M, (%)Zy JMlz (0),, My, (g)zz_
[0086] which reduces to the following fully gain compensated tensor quantity:
Ulex Uley UlZXZ
Misc = UlZyX UlZyy UlZyz (42)
Ulsz UlZzy UlZzz

[0087] While the fully gain compensated tensor quantity computed in Equation 41 has
been described with respect to the antenna configuration depicted on FIG. 4, it will be
understood that the disclosed methodology is not so limited. The disclosed methodology is
more general and applied to collocated transmitter receiver combinations having arbitrary
orientations so long as at least one antenna is tilted and the matrix made up of the moments is
invertible. As described, axial rotation may be used to ‘swap’ antenna positions and to
separate out the projection of the tilted antenna moments to form the equivalent of a triaxial
antenna coupling. The matrix combination of two such transmitter receiver pairs results in a

tensor quantity that depends only on the orientation of one colocated antenna set. Moreover,

the transmitter and antenna roles may also be swapped and the same result obtained.

COMPENSATION USING CALIBRATION ANTENNAS
[0088] A collocated transmitter (or receiver) having at least one tilted moment may be
difficult to fabricate. Moreover, firing of a large number of transmitter antennas can lengthen

the time it takes to acquire a given set of data. One alternative to the tilted antenna
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arrangement described above is to make use of a nearby set of calibration antennas to match
some of the antenna gains.

[0089] FIG. 7 depicts a flow chart of still another example method embodment 140 for
obtaining a full tensor gain compensated propagation measurement. An electromagnetic
logging tool is rotated in a subterranean borehole at 142. The logging tool includes first and
second axially spaced tilted transmitters, first and second axially spaced calibration
transmitters, and first and second axially spaced receivers. Each of the receivers includes a
set of collocated linearly independent antennas. Each of the calibration transmitters includes
first and second collocated calibration antennas having transverse moments with respect to
one another and with respect to the longitudinal axis of the tool. Each of the tilted
transmitters includes a tilted antenna not collocated with the corresponding calibration
antennas and having a tilted moment with respect to a longitudinal axis of the tool. A
plurality of voltage measurements is acquired at 144 while rotating the tool at 142. The
plurality of voltage measurements is obtained using a corresponding plurality of pairs of the
tilted transmitter antennas and the linearly independent receiver antennas. The voltage
measurements are fit to a harmonic expression at 146 to obtain harmonic coefficients. The
harmonic coefficients are processed at 148 to construct a full tensor voltage measurement
which is in turn further processed at 150 to obtain a fully gain compensated tensor quantity.
[0090] FIG. 8 depicts an embodiment of a downhole BHA configuration including first and
second subs 82 and 84 (although the disclosed embodiments are by no means limited in this
regard) that can be used in accordance with method 140 of FIG. 7. In the depicted
embodiment, each sub includes a reciever R1 and R2, a calibration transmitter CT1 and CT2,
and a “deep” tilted transmitter T1 and T2. On each sub, the receiver, calibration transmitter,
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and the tilted transmitter are axially spaced apart from one another. The receivers R1 and R2
include a set of collocated linearly independent antennas. The deep tilted transmitters T1
and T2 have large enough moments so that they may transmit a signal having sufficient
strength to be received on the other sub and include an antenna having a moment tilted with
respect to the longitudinal axis of the corresponding sub. The calibration transmitters CT1
and CT2 include first and second collocated, transverse calibration antennas that may be used
to match the gains of the nearby a and b transverse receivers. The calibration antennas may
be configured so that they generate sufficient signal strength so as to be received by the
nearby receiver antennas (i.e., the receiver located on the same sub, but not receiver antennas
on other subs). The calibration transmitters therefore need not be deep transmitters.

[0091] It will be understood, according to the principle of reciprocity, that the transmitting
and receiving antennas may operate as either a transmitter or a receiver when coupled with
the appropriate transmitter and/or receiver electronics such that the transmitters and receivers
may be swapped without affecting the gain compensation methodology that follows.
Therefore, in the embodiment depicted on FIG. 8, the transmitters T1 and T2 may be
swapped with the receivers R1 and R2 such that each transmitter includes a set of collocated
linearly independent antennas and each receiver includes a tilted antenna. Such an
embodiment would also include first and second calibration receivers, each including first
and second collocated, transverse antennas

[0092] To describe an example calibration procedure, consider the antennas on one of the
subs. The d and e transmitting annenas are transverse to the local axial direction,
perpendicular to one another, and oriented at an angle ¥ (that is not 0 or 90 degrees) with
respect to the local a and b receivers. The ratio of the DC terms of the voltage measured by
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the a and b receivers upon firing the d transmitter (during rotation of the drill string as
indicated above in Equation 34) may be given as follows:

VrdraDC _ _ gRa (Zxx COS(P)+Zyy COS(W)+Zyy SIN(P)—Zyy SIN(Y))
VTdrb_DC 9Rrb (Zxx SIn(Y)+Zyy sin(P)+Zyy cos(P)—Zyxy COS(llJ))

(43)

[0093] Likewise the ratio of the DC terms may also be obtained upon firing the e
transmitter as follows:

VTera DC — 9Ra (Zxx Sin(w)'i'zyy Sin(lp)'i'zyx Cos(w)_zxy COS(I[}))
Vrerb_DC gRrb (Zxx cos(YP)+Zyy cos(P)+Zyy Sin(lp)_zyx Sin(w))

(44)

[0094] A gain ratio of the a to b receivers may then be obtained by combining Equations

43 and 44, for example as follows:

_9ra _ | _ VrdraDCVTeraDC 45
Iratio = - ( )
9Rb VT1drb_DC VTeRrb_DC

[0095] Using the gain ratio given in Equation 45, a fully gain compensated deep resistivity
measurement may be obtained, for example, via firing the tilted transmitter antenna on the
first sub and receiving the transmitted electromagnetic waves using the receiver antennas on

the second sub. The measured voltage tensor may then be given, for example, as follows:

Vrara_pc + Vrara_sHe 9 ratio (Vrarbpc + Vrarb_suc)  Vrare_ric
Vrr 0) = ~Yratio (VTaRb_DC - VTaRb_SHC) VTaRa_DC - VTaRa_SHC VTaRc_FHS (46)
Vrara_rHC Vrarp_FHs Vrare_pc

. £ [N . A [ A [P
sin(f) ITa9raMra_perp ZMpa sin(p) 91a9rbMTa perp ZMpy  I1a9RcMTa perp ZMpe

=1.. P t_ . A t_ A b
= [sin(B) ITaGraMTb_perp ZMpa sin(f) I1aGreMrb perp ZMpp  ITaGRcMTH perp ZMpe

cos(p) gTagRaﬁthmRa cos(B) graJrp ﬁTtZﬁ\le cos(f) gTachﬁthchJ

[0096] Using the equivalent transmitter and receiver gains given below:

Jra Sin(f) 0 0
Gr = 0 Jra Sin(p) 0 47)
0 0 9ra c0s(B)
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Ira 0 0
0 0 Gre

[0097] and computing the quantity described above with respect to Equation 39 yields the

fully compensated tensor quantity My, (0):

UlZXX Uley tan (ﬁ)Ulzxz
Mi,(0) = Uizyx Uizyy tan(B) U1y, (49)
COt(ﬁ) Ulsz COt(ﬁ) UlZzy UlZzz

[0098] The use of the aforementioned calibration transmitters may enable an
electromagnetic logging tool to be constructed using fewer deep transmitters. Moreover, in
the embodiments shown in FIGS. 7 and 8, the calibration transmitters and the tilted
transmitter are not collocated, which may simplify the manufacture and fabrication of such
logging tools.

[0099] It will be understood that the various methods disclosed herein for obtaining a full
tensor gain compensated quantity may be implemented on a processor, which can include a
downhole processor and/or a surface processor. By downhole processor, it is meant an
electronic processor (e.g., a microprocessor or digital controller or the like) deployed in the
drill string (e.g., in the electromagnetic logging tool or elsewhere in the BHA). In such
embodiments, the full tensor gain compensated quantity may be stored in downhole memory
and/or transmitted to the surface while drilling via known telemetry techniques (e.g., mud
pulse telemetry or wired drill pipe). In some embodiments, the harmonic fitting coefficients
may transmitted uphole and the compensated quantities may be computed at the surface
using a surface processor. Whether transmitted to the surface or computed at the surface, the
quantity may be utilized in an inversion process (along with a formation model) to obtain

various formation parameters as described above. In other embodiments, a surface processor
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can be used, wherein the electromagnetic measurement data is transmitted to the surface, and
the surface processor processes the measurements to obtain full tensor gain compensated
quantities.

[00100] Although full tensor gain compensated propagation measurements have been
described in detail, it should be understood that various changes, substitutions and
alternations can be made herein without departing from the spirit and scope of the disclosure

as defined by the appended claims.
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CLAIMS

What is claimed is:

1. A method for obtaining full tensor gain compensated propagation measurements, the
method comprising:

(a) rotating an electromagnetic logging tool in a subterrancan borehole, the
logging tool including at least first and second axially spaced transmitters and at least first
and second axially spaced receivers, each of the receivers including a set of collocated
linearly independent antennas, each of the transmitters including first and second collocated
antennas, at least the first transmitter antenna having a tilted moment with respect to a
longitudinal axis of the tool;

(b) acquiring a plurality of voltage measurements while rotating the tool in (a),
the plurality of voltage measurements obtained using a corresponding plurality of pairs of the
transmitters and receivers;

() fitting the voltage measurements to a harmonic expression to obtain harmonic
coefficients;

(d) causing a processor to process the harmonic coefficients to construct a full
tensor voltage measurement; and

() causing the processor to process the full tensor voltage measurement to obtain

a fully gain compensated tensor quantity.

2. The method of claim 1, wherein the processor is a downhole processor.
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3. The method of claim 2, further comprising:
6] transmitting the fully gain compensated tensor quantity to the surface; and
(2) causing a surface computer to invert the fully gain compensated tensor

quantity to obtain one or more properties of a subterranean formation.

4. The method of claim 2, further comprising:
H causing the downhole processor to process the fully gain compensated tensor
quantity to obtain a fully gain compensated tensor attenuation and a fully gain compensated

tensor phase shift.

5. The method of claim 1, wherein the second transmitter antenna in each of the first and

second transmitters has a transverse moment with respect to the longitudinal axis of the tool.

6. The method of claim 1, wherein:

(d) further comprises causing the processor to process the harmonic coefficients to
obtain first and second sets of full tensor voltage measurements; and

(e) further comprises (i) causing the processor to process the first set of full tensor
voltage measurements to obtain a first full tensor quantity, (i) causing the processor to
process the second set of full tensor voltage measurements to obtain a second full tensor
quantity, and (iii) causing the processor to process the first and second full tensor quantities

to obtain the fully gain compensated tensor quantity.
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7. The method of claim 6, wherein the first set of full tensor voltage measurements are
obtained at a toolface angle of zero degrees and the second set of full tensor voltage

measurements are obtained at a toolface angle of ninety degrees.

8. The method of claim 7, wherein the fully gain compensated tensor quantity M ,¢ is

computed in (¢) as follows:

JMlz (O)xlez JMlz (O)xyMlz (721) . cot(fr1)M12(0)y,
Mioc = JMlz (O)ylez JMlz (O)yyMlz (Z)yy COt(ﬁTl)Mlz (g)yz
i tan(ﬁTl)Mlzxz 0) tan(Br) M, (g)zy JMlz (0),, My, (g)zz_

wherein M;,(0) represents the first full tensor quantity, M, G) represents the

second full tensor quantity mathematically rotated by negative ninety degrees, and frq
represents an angle between the moment of the first transmitter antenna and the longitudinal

axis of the tool.

9. A system comprising:

an clectromagnetic logging tool having at least first and second axially spaced
transmitters and at least first and second axially spaced receivers, each of the receivers
including a set of collocated linearly independent antennas, each of the transmitters including
first and second collocated antennas, at least the first transmitter antenna having a tilted
moment with respect to a longitudinal axis of the tool, wherein the electromagnetic logging
tool is configured to acquire a plurality of voltage measurements while rotating the

electromagnetic logging tool in a borehole formed in a subterrancan formation, the plurality
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of voltage measurements being obtained using a corresponding plurality of pairs of the
transmitters and receivers; and

a processor configured to fit the voltage measurements to a harmonic expression to
obtain harmonic coefficients, process the harmonic coefficients to construct a full tensor
voltage measurement, and process the full tensor voltage measurement to obtain a fully gain

compensated tensor quantity.

10.  The system of claim 9, comprising a telemetry circuit that transmits the fully gain
compensated tensor quantity to a surface computer for inversion of the fully gain

compensated tensor quantity to obtain one or more properties of the subterranean formation.

11.  The system of claim 9, wherein the processor is further configured to process the
harmonic coefficients to obtain first and second sets of full tensor voltage measurements,
process the first set of full tensor voltage measurements to obtain a first full tensor quantity,
process the second set of full tensor voltage measurements to obtain a second full tensor
quantity, and process the first and second full tensor quantities to obtain the fully gain

compensated tensor quantity.

12.  The system of claim 9, wherein the processor is a downhole processor.

13.  The system of claim 11, wherein the downhole processor processes the fully gain
compensated tensor quantity to obtain a fully gain compensated tensor attenuation and a fully
gain compensated tensor phase shift.
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14. A method for obtaining gain compensated full tensor electromagnetic antenna
measurements, the method comprising:

(a) rotating an electromagnetic logging tool in a subterrancan borehole, the
logging tool including at least first and second axially spaced transmitters and at least first
and second axially spaced receivers, each of the receivers including a set of collocated
linearly independent antennas, each of the transmitters including first and second collocated
calibration antennas having transverse moments with respect to one another and with respect
to the longitudinal axis of the tool, each of the transmitters further including a tilted antenna
not collocated with the first and second calibration antennas and having a tilted moment with
respect to a longitudinal axis of the tool;

(b) acquiring a plurality of voltage measurements while rotating the tool in (a),
the plurality of voltage measurements obtained using a corresponding plurality of pairs of the
tilted transmitter antennas and the triaxial receiver antennas;

(©) fitting the voltage measurements to a harmonic expression to obtain harmonic
coefficients;

(d) causing a processor to process the harmonic coefficients to construct a full
tensor voltage measurement; and

() causing the processor to process the full tensor voltage measurement to obtain

a fully gain compensated tensor quantity.

15. The method of claim 14, wherein the processor is a downhole processor.
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16. The method of claim 15, further comprising:
6] transmitting the fully gain compensated tensor quantity to the surface; and
(2) causing a surface computer to invert the fully gain compensated tensor

quantity to obtain one or more properties of a subterranean formation.

17. The method of claim 14, wherein the first and second collocated calibration antennas
are oriented at a non zero degree and non 90 degree angle respect to @ and b antennas in the

receivers.

18.  The method of claim 17, wherein (d) further comprises causing a processor to process
the harmonic coefficients to compute a gain ratio of the a to b antennas in the receivers as

follows:

VTdR a_DC VTeRa_DC

Iratio = |~
VTde_DC VTeRb_DC

Wherein g,.q.;, represents the gain ratio, Vrara pe> Vrarp pe> Vrera pes and Vrerp pc

represent certain of the harmonic coefficients.

19.  The method of claim 18, wherein full tensor voltage measurement is expressed as
follows:
Vrara_pc + Vrara_she Y ratio (Vrarb.pc + Vrarb_sic)  Vrare_ruc
Vrr(0) = -9 ratio(VTaRb_DC - VTaRb_SHC) Vrara_pc = Vrara_suc Vrarc_rHs
Vrara_rHC Vrarb_rus Vrare_pe

wherein Vi, (0) represents the full tensor voltage measurement, g,.qt0 represents the

gain ratio, and Vrgrg pe» Vrarp pe» @and Vygre pe. represent DC harmonic coefficients,
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Vrara rrcs Vrare rrc> a0d Vrgre pys represent first harmonic coefficients, and Vrggrq sye and

Vrarp_suc represent second harmonic coefficients.

20. The method of claim 14, wherein:

(d) further comprises causing the processor to process the harmonic coefficients to
obtain a set of full tensor voltage measurements; and

(e) further comprises causing the processor to process the set of full tensor voltage

measurements to obtain the fully gain compensated tensor quantity.

21. A system comprising:

an clectromagnetic logging tool having at least first and second axially spaced
transmitters and at least first and second axially spaced receivers, each of the receivers
including a set of collocated linearly independent antennas, each of the transmitters including
first and second collocated calibration antennas having transverse moments with respect to
one another and with respect to the longitudinal axis of the tool, ecach of the transmitters
further including a tilted antenna not collocated with the first and second calibration antennas
and having a tilted moment with respect to a longitudinal axis of the tool, the electromagnetic
logging tool being configured to acquire a plurality of voltage measurements while rotating
in a subterranean borehole, the plurality of voltage measurements being obtained using a
corresponding plurality of pairs of the tilted transmitter antennas and the triaxial receiver
antennas; and

a processor configured to fit the voltage measurements to a harmonic expression to

obtain harmonic coefficients, process the harmonic coefficients to construct a full tensor
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voltage measurement, and process the full tensor voltage measurement to obtain a fully gain

compensated tensor quantity.

22. The system of claim 21, the first and second collocated calibration antennas are

oriented at a non zero degree and non 90 degree angle respect to a and b antennas in the

receivers.
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