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(57) Abstract: A modular downhole logging system includes a transmitter module
having a local frequency, wherein the transmitter module transmits interrogation sig-
nals into a formation based on the local frequency. The downhole system also includes
a receiver module axially-spaced from the transmitter module and that receives re-
sponse signals corresponding to the interrogation signals, wherein the receiver mod-
ule includes sampling logic and sync estimation logic. The sync estimation logic is
configured to perform sync estimation operations including estimating the local fre-
quency of the transmitter module based on analysis of response signal Fourier trans-
form results corresponding to different frequencies. The sampling logic/clock is con-
figured to sample the response signals based on the estimated local frequency of the
transmitter module, wherein a processor derives formation property values using the
sampled response signals.
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Methods and Systems With Estimated Synchronization Between Modular Downhole
Logging System Modules

BACKGROUND

Modern petroleum drilling and production operations demand a great quantity of
information relating to the parameters and conditions downhole. Such information typically
includes the location and orientation of the wellbore and drilling assembly, earth formation
properties, and drilling environment parameters downhole. The collection of information
relating to formation properties and conditions downhole is commonly referred to as “logging.”

Various logging tools exist for use in wireline logging and logging-while-drilling
operations. One example logging tool is a resistivity logging tool, which includes one or more
antennas for transmitting an electromagnetic signal into the formation and one or more
antennas for receiving a formation response. When operated at low frequencies, resistivity
fogeing tools may be referred to as “induction” tools. Meanwhile, when operated at high
frequencies, resistivity logging tools may be referred to as electromagnetic wave propagation
tools.

Some logging tools, including some resistivity logging tools, employ antennas
connected to different electronic components (e.g, different clocks) When different
electronics are used for different antennas, synchronization ensures communications or
measurements are interpreted correctly. The synchronization issue ts not trivial and varies for
different logging tools and scenarios. A continuous synchronization signal 1s sometimes not
possible (or i3 undesirable) due to the low telemetry bandwidth available downhole and the
large amount of information that needs to be conveyed between or from downhole tools. Efforts
to reduce the amount of synchronization needed between separated logging tool electronics are

ongoing.

BRIEF DESCRIPTION OF THE DRAWINGS
Accordingly, there are disclosed in the drawings and the following description systems
and methods with estimated synchronization between modular downhole logging system
modules. In the drawings:
FIG. 1 1s a block diagram showing an illustrative modular downhole logging system;
FIG. 2A is a schematic diagram showing an tlustrative drilling environment;
FIG 2B is a schematic diagram showing an iflustrative wireline environment;

FIG. 3 is a side view showing an illustrative modular downhole fogging system;
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FIGS. 4A-4D are side views showting illustrative modular downhole logging system
subs;

FIG 515 ablock diagram showing components of an iliustrative systern with estimated
synchronization;

modular downhole logging FIG. 6 s another block diagram showing components of an
ilhustrative modular downhole logging system;

FIGS. 7-12 are graphs showing representative signals, Foutier transform parameters,
and normalized values;

FIG. 13 15 a flowchart showing an tllustrative logging method; and

FIG. 14 is a flowchart showing an ilustrative method with estimated synchronization
between modules of a modular downhole logging system.

it should be understood, however, that the specific embodiments given in the drawings
and detailed description thereto do not limit the disclosure. On the contrary, they provide the
foundation for one of ordinary skill to discern the alternative forms, equivalents, and
modifications that are encompassed together with one or more of the given embodiments in the

scope of the appended claims.

NOTATION AND NOMENCLATURE

Certain terms are used throughout the following description and claims to refer to
particular system components and configurations. As one skilled in the art will appreciate,
companies may refer to a component by different names. This document does not intend to
distinguish between components that differ in name but not function. In the following
discussion and in the claims, the terms “inchuding” and “comprising” are used in an open-ended
fashion, and thus should be interpreted to mean “including, but not himited to...”. Also, the
term “couple” or “couples” is intended to mean either an indirect or a direct electrical
connection. Thus, if a first device couples to a second device, that connection may be through
a direct electrical connection, or through an indirect electrical connection via other devices and
connections. In addition, the term “attached” is intended to mean either an indirect or a direct
physical connection. Thus, if a first device attaches to a second device, that connection may be
through a direct physical connection, or through an indirect physical connection via other

devices and connections.
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DETAILED DESCRIPTION

Disclosed herein are systems and methods with estimated synchronization between
modular downhole logging system modules. The disclosed estimated synchronization
techniques may be applied to different types of downhole logging technology, where separated
electronics {e.g., different clocks) are employed for different modules. In at least some
embodiments, the separated electronics of a modular downhole logging system correspond to
at least one transmitter module and at least one receiver module that are within a single housing.
The single housing can be used to house modules of a single logging technology (e.g.,
resistivity logging, sonic logging, etc.) or multiple logging technologies. Alternatively, the
separated electronics of a modular downhole logging system may correspond to at least one
transmitter module and at least one receiver module that are distributed across a plurality of
housings {subs). The plurality of housings may correspond to a single logging technology {(e.g.,
resistivity logging, sonic logging, etc ) or multiple logging technologies. In at least some
embodiments, a modular downhole logging system can tnclude a plurality of housings with
distributed transmitter modules and/or receiver modules, where the housings are coupled to
each other directly or indirectly. Also, the coupling of such housings can be rigid or flexible.
For example, in a logging-while-drilling scenario, a rigid coupling between housings of a
modular downhole logging system 1s needed. Meanwhile, in a wireline logging scenario, arigid
or flexible coupling between housings of a modular downhole logging system may be used.
The coupling components used between adjacent housings of a modular downhole logging
system may be, for example, a wireline, an umbilical, a slickline, coiled tubing, metallic
tubulars (drillstring or casing segments), wired tubulars, or other couplers. In one embodiment,
transmitter and/or receiver modules of a modular downhole logging sysiem are on opposite
sides of a mud motor to facilitate near-bit or at-bit measurements.

In accordance with at least some embodiments, estimated synchronization as described
herein is used in a modular downhole logging system scenario involving transmission of
interrogation signals into a formation, and receipt of response signals corresponding to the
interrogation signals. The interrogation signals are transmitted, for example, by a transmitter
module of a modular downhole logging system, where the transmitter module has a local
clock/oscillator with a certain frequency and at least one local operating frequency for antenna
transmissions {¢.g., transmitting the interrogation signals), where the at least one local
operating frequency of the transmitter module is a function of the transmitter module’s local
clock/oscillator. The frequency of the transmutter module’s local clock/oscillator is not

necessarily the same as the local operating frequency of a transmitter module’s antenna and/or
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a receiver module’s antenna. For example, a frequency divider (e g., a 2% divider) can be used
to change a local clock/oscillator frequency (e.g., 16.384 MHz) to a local operating frequency
{e.g., 16 kHz) for transmitter antenna signals. Fach receiver module of a modular downhole
logging system includes the same or similar components as those used with the transmitter
module (e.g., a local clock/oscillator, divider, etc) to obtain a compatible local operating
frequency for receiver antennas. However, for modular downhole logging systems with
separated transmitter and receiver modules as described herein, some dnft between the local
clocks/oscillators (or between local operating frequencies) often occurs. Accordingly, the
disclosed techniques may be used to identify and/or account for the drift or error between
transmitter and receiver local operating frequencies of a modular downhole logging svstem
and/or the related local clock/oscillator frequencies.

in accordance with at least some embodiments, sync estimation operations for a
modular downhole logging system are performed by a receiver module (or each receiver
module as needed) to tdentify and/or account for the drift or error between transmitter and
recetver local operating frequencies of the modular downhole logging system and/or between
transmuitter and receiver local clock/oscillator frequencies. As an example, receiver modules
can receive response signals, corresponding to interrogation signals transmitted by one or more
transmutter modules, and can perform sync estimation operations to estimate a transmitter
module’s local frequency (e.g., the local operating frequency of a transmifter module antenna
and/or the frequency of the transmiiter’s module local clock/oscillator). In at least some
embodiments, the sync estimation operations include estimating a transmitter module’s local
frequency based on analysis of response signal Fourter transform results corresponding to
different frequencies. At the receiver module, at least some of the response signals are sampled
based on the estimated transmitter module frequency. A processor of the modular downhole
fogging systern derives formation property values using the sampled response signals.

In at least some embodiments, an example modular downhole logging system includes
a transmitter module having a local frequency (e.g, a local clock/oscillator frequency or alocal
operating frequency for transmitter antennas), where the transmitter module transmits
interrogation signals into a formation based on the local frequency. The modular downhole
logging system also includes a receiver module that receives response signals corresponding
to the interrogation signals, wherein the receiver module includes sampling logic and sync
estimation logic. The syne estimation logic ts configured to perform sync estimation operations
including estimating the local frequency of the transmitter module based on analysis of

response signal Fourier transform results corresponding to different frequencies. The sampling
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fogic is configured to sample the response signals based on the estimated local frequency of
the transmitter module. The modular downhole logging system also includes a processor that
derives formation property values using the sampled response signals.

Meanwhile, an example method includes deploying a modular downhole logging
system in a borehole, the modular downhole logging system having at least one transmitter
module, at least one receiver module, and a processor. The method also includes transmitting,
by the at least one transmitier module, interrogation signals into a formation surrounding the
borehole based on a local frequency of the transmitter module. The method also includes
recetving, by the at least one receiver module, response signals corresponding to the
interrogation signals. The method also includes performing syne estimation operations, by the
at least one receiver module, wherein the sync estimation operations include estimating the
local frequency of the transmitter module based on analysis of response signal Fourier
transform results corresponding to ditferent frequencies. The method also includes sampling,
by the at least one receiver module, at least some of the response signals based on the estimated
focal frequency of the transmitter module. The method also includes deriving, by the processor,
formation property values using the sampled response signals.

The disclosed methods and systems are best understood when described in an
illustrative usage context. FIG. 1 15 a block diagram showing an illustrative modular downhole
fogging system 2. The modular downhole logging system 2 performs, for example, resistivity
fogging, sonic logging, and/or other types of togging. As shown, the modular downhole logging
system 2 includes a transmitter (TX) module 4 with electronics 6 that operate using a clock 8.
The modular downhole logging system 2 also includes a receiver (RX) module 10A spaced
from the TX module 4 (e.g., at least axially-spaced by several centimeters up to several meters),
where the RX module 10A includes electronics 11 that operate using another clock 12. The RX
module 10A also includes a sync estimator module 14 that performus syne frequency operations
15 and sync phase operations 16 without use of sync control signals from the TX module 4.
The sync estimator module 14 may comprise a processor, a memory, and/or other components
configured with instructions or logic to perform the sync estimation operations described
herein. In at least some embodiments, the modular downhole logging system 2 includes RX
module 10N to represent that the modular downhole logging system 2 can include a plurality
of RX modules 10A-10N, where each of the RX modules 10A-10N may include similar
components {e.g., electronics 11, a clock 12, and a sync estimator 14}, In at least some
embodiments, the RX modules 10A-10N are spaced from the TX module 4 and from each other

to enable analysis of a received signal that travels through different portions and/or different

L



10

20

WO 2019/005010 PCT/US2017/039469

depths of the downhole formation. As an example, the axial spacing between transmitters and
receivers used for resistivity logging may vary from several centimeters up to several meters.
As desired, resistivity logging may involve a plurality of different axial spacings between
different transmitter-receiver pairs to provide multiple resolution and depth of investigation
Options.

As shown, the modular downhole logging system 2 of FIG. 1 also includes data storage
17, a processor 18, and a telemetry module 19, In different embodiments, the data storage 17,
the processor 18, and the telemetry module 19 may correspond to downhole components only,
surface components only, or a combination of downhole and surface components. Example
telemetry techniques include mud pulse telemetry, acoustic telemetry, electromagnetic
telemetry (wired or wireless), or other known telemetry options. Such telemetry may occur
between components of the modular downhole logging system 2 and components at earth’s
surface and/or between components of the modular downhole logging system 2 and other
downhole tools, systems, or system modules. Without limitation to other telemetry uses and
options, communication between modules of the modular downhole logging system 2 may be
wired, wireless, or a combination of both.

In operation, the modular downhole logging system 2 uses the TX module 4 and the
RX modules 10A-10N to obtain measurements indicative of downhole formation parameters.
For example, TX module 4 may transmit interrogation signals into a formation. The
interrogation signals will travel through the downhole formation and corresponding response
signals will be received at each of the RX modules 10A-10N {assuming attenuation and noise
do not prevent signal analysis). The response signals are digitized and stored, for example, by
data storage 17. The processor 18 is able to access the stored signals and analyze the signal
parameters {e.¢., frequency, amplitude, phase). For example, the parameters of response signals
can be compared with the parameters of the original interrogation signal and/or compared with
the parameters of other response signals by the processor 18. In some embodiments, the ratios
of response signals and/or the differences between response signals can be used in the analysis,

To ensure accuracy of interpreting response signals received by the RX modules 10A-
ION relative to interrogation signals transmitted by the TX module 4, the respective clocks
(e.g., clock 8 and clock 12} need to be synchronized or the difference needs to be accounted
for. Instead of transmitting a sync control signal to each of the RX modules 10A-10N to enable
synchronization between TX and RX clocks, the disclosed embodiments employ svnc
estimators (e.g., sync estimator module 14) at each RX module 10A-10N. In at least some

embodiments, each sync estimator is configured to perform sync estimation operations {(e.g.,
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sync frequency operations 15 or sync phase operations 10) that estimate the sync frequency
and syne phase or that account tor any offsets.

As an example, sync frequency operations 15 may include estimating a local frequency
of the TX module (e.g., a local clock/oscillator frequency or a local operating frequency for
fransmitter antennas) based on analysis of response signal Fourier transform results
corresponding to different frequencies. In other words, the Fourier transform results indicate
which of the different frequencies is closest to the local frequency of the TX module (i.e, the
frequency that maximizes the signal amplitude will be closest to the local frequency of the TX
module}. Once the local frequency of the TX module has been estimated, each RX module
configures its respective local frequency {e.g., a local clock/oscillator frequency or a local
operating frequency for receiver antennas) to sample the response signals based on the
estimated local frequency of the TX module. In this manner, the accuracy of response signal
samples for use with deriving formation properties can be maintained while also avoiding
ongotng sync control signals, thus providing an increased telemetry data rate since sync control
signals are avoided. On the other hand, additional processing operations will be performed at
each RX rodule to perform the sync estimation operations,

Besides estimating the operating frequency, sync estimation operations performed by
each sync estimator may include sync phase operations 16 such as determining response signal
ratios to account for phase offset. In such case, the processor 18 derives formation property
values using the response signal ratios. As another example, the sync estimation operations
may include sync phase operations 16 such as normalizing response signals based on a
predetermined transmutter current fo account for phase offset. In such case, the processor 18
derives formation property values using the normalized response signals.

In some embodiments, sync estimation operations are selectively performed. For
example, sync estimation operations can be performed when response signals are received by
two modular downhole logging system receiver modules with synchronized phase with respect
to the rodular downhole logging systern transmoitter module. As another example, sync
estimation operations can be performed when response signals corresponding to two modular
downhole logging system transmitter modules with synchronized phase are received by the
modular downhole logging system receiver module. As another example, sync estimation
operations can be performed when response signals corresponding to interrogation signals
initiated by the modular downhole logging system transmitter module at different times,
depths, or azimuthal angles are received by the modular downhole logging system receiver

module.
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The result of the analysis performed by the processor 18 may be one-dimensional (1D},
two-dimensional (2D), and/or three-dimensional (3D) formation parameter values that vary as
a function of the position of the modular downhole logging system 2 in a borehole. For
example, the processor 18 may output formation parameter values as a function of depth {i.e
1D data), formation parameter values as a function of depth and azimuthal angle (i e, 2D data),
and/or formation parameter values as a function of depth, azimuthal angle, and radial distance
from the borehole (1.e., 3D data). At least some of the formation parameter values can be
provided to the telemetry module 19, which conveys these values to earth’s surface and/or to
other downhole tools via an available telemetry channel compatible with the telemetry module
19. Example telemetry technigues include mud pulse telemetry, acoustic telemetry,
electromagnetic telemetry (wired or wireless), or other known telemetry options. At earth’s
surface, the formation parameter values (or related logs or timages) may be displayed using a
display device (e.g., a computer or printer). The displayed values or images are analyzed with
or without involvement of a user. Additionally or alternatively, the formation parameter values
may be conveyed from the telemetry module 19 to another downhole system or tool configured
to analyze the formation parameter values and/or to perform one or more downhole operations
in response to the formation parameter values or commands derived therefrom. Regardless of
whether the downhole formation parameters are analyzed downhole or at earth’s surface,
various operations such as directional drilling operations, perforating operations and/or other
well completion operations, fluid flow control operations, and/or well intervention operations
can be performed in response to the downhole formation parameters or commands derived
therefrom.

In different embodiments, the TX module 4 and the RX modules 10A-10N of the
modular downhole logging system 2 are within a single housing corresponding to one or more
fogging technologies (e.g., resistivity logging, souvic logging, etc.). Alternatively, the TX
module 4 and the RX modules 10A-10N of the modular downhole logging system 2 are
distributed across a plurality of housings. The plurality of bousings may correspond to a single
fogeing technology {e.g., resistivity logging, sonic logging etc) or multiple logging
technologies. H multiple logging technologies are distributed across multiple housings, each
housing may include components of a single logging technology (e.g , resistivity logging, sonic
logging, etc.) or multiple logging technologies. While not required, different logging
technologies can share certain generic components (e.g., power supply components, processing
components, telemetry components, and/or other components). In different emnbodiments, the

plurality of housings with distributed TX modules and/or RX modules can be coupled to each



10

20

30

WO 2019/005010 PCT/US2017/039469

other directly or indirectly. Also, the coupling of housings can be rigid or flexible. For example,
in a logging-while-drilling scenario, a rigid coupling between housings is needed. Meanwhile,
in a wireline logging scenario, a rigid or flexible coupling between housings may be used. The
coupling components between adjacent housings with transmitter and/or receiver modules may
be, for example, a wireline, an umbilical, a slickline, coiled tubing, metallic tubulars (dullstring
or casing segments), wired tubulars, or other couplers. In one embodiment, the TX module 4
and/or certain ones of the RX modules 10A-10N are on opposite sides of a mud motor to
facilitate near-bit or at-bit measurements.

FIG. 2A 1s a schematic diagram showing an tllustrative drilling environment 20A that
may include a modular downhole logging system 2. In FIG. 2A, a drilling assembly 24 enables
a drill string 31 to be lowered and raised in a borehole 25 that penetrates tormations 29 of the
earth 28. The drill string 31 is formed, for example, from a modular set of drill string segments
32 and couplers 33. At the lower end of the drill string 31, a bottomhole assembly 34 with a drill
bit 40 removes material from the formations 29 using known drilling techniques. The bottomhole
assembly 34 also includes one or more drill collars 37 and a modular downhole logging system
2. As previously described with respect to FIG. 1, the modular downhole logging system 2
includes a TX module 4 and one or more RX modules 10A-10N axially spaced from one another,
where each of the RX modules 10A-10N includes a sync estimator maodule 14 to perform sync
modular downhole logging systern 2 may be within a single housing or roay be distributed across
multiple housings as described herein. For the drilling environment 20A, the housing(s) for the
modular downhole logging system 2 provide sufficient rigidity to support drilling operations.
Also, the modular downhole logging system 2 of FIG. 2A may include one logging technology
or multiple logging technologies as described herein.

In accordance with at least some embodiments, measurements obtained by the modular
downhole logging system 2 of FIG. 2A are analyzed and downhole formation parameters derived
from the measurements are conveyed to earth’s surface using known telemetry techniques (e.g.,
wired pipe telemetry, mud pulse telemetry, acoustic telemetry, electromagnetic telemetry) and/or
are stored by the modular downhole logging system 2. In at least sorme embodiments, a telemetry
channel 27 may extend from the BHA 34 to earth’s surface. For example, the telemetry channel
27 may take different forms such as a cable with electrical conductors and/or optical
waveguides {(e.g., fibers), drillstring components, fluids, and/or other telemetry channels to
enable transter of power and/or communications between the bottomhole assembly 34 and

earth’s surface. In different embodiments, the telemetry channel 27 may be integrated with,
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attached to, or inside the modular components of the dull string 31 (e.g, wired pipe
technology). The telemetry channel 27 supports telemetry options such as wired electromagnetic
telemetry, wireless electromagnetic telemetry, acoustic telemetry, mud pulse telemetry, pressure
pulse telemetry, etc.).

In FIG. 2A, an interface 26 at earth’s surface receives downhole formation parameters
and/or related measurements via the telemetry channel 27 and conveys the downhole formation
parameters and/or related measurements to a computer system 30, In some embodiments, the
surface interface 26 and/or the computer system 50 may perform various operations such as
converting signals from one format to another and storing downhole formation parameters and/or
related measurements. The computer system 50 also may operate to analyze downhole formation
parameters and/or related measurements to provide logs, images, or updated downhole formation
models. Directional drilling operations and/or other downhole operations {e.g., fluid flow control,
pressure control, valve position adjustment, logging tool updates) can be updated based on
analysis of the downhole formation parameters and/or related measurements. In different
embodiments, a user can interact with the computer system 50 to select analysis or response
options {e.g., logs, images, direction drilling updates, downhole operation updates). Additionally
or alternatively, analysis or response options can be automated {e.g., based on predetermined
rules).

In at least some embodiments, the computer system 50 includes a processing unit 52 that
performs analysis or response operations by executing software or instructions obtained from a
focal or remote non-transitory computer-readable medium 58, In at least some embodiments, the
processing unit 52 of FIG 2A performs some or all of the operations of processor 18 of FIG. 1.
Additionally or alternatively, the processing unit 52 performs other operations. The computer
systern SO also may include input device(s) 56 (e.g., a keyboard, mouse, touchpad, etc.) and
output device(s) 54 (e.g,, a monitor, printer, etc. ). Such input device(s) 56 and/or output device(s)
54 provide a user interface that enables an operator to interact with the modular downhole
logging system 2 and/or software executed by the processing unit S2. For example, the computer
system 50 may enable an operator to select logging options, to select analysis options, to view
obtained measurements, to view downhole formation properties (e.g., logs or images) obtained
from the measurements, to adjust directional drilling, to adjust downhole operations, and/or to
perform other tasks. Further, information about the downhole position at which measurements
are obtained may be taken into account and used to facilitate well completion decisions and/or

other strategic decisions related to producing hydrocarbons.

10



10

20

WO 2019/005010 PCT/US2017/039469

At various times during the drilling process, the drill string 31 shown in FIG. 2A may be
removed from the borehole 25 With the drill string 31 removed, another option for deploying a
modular downhole logging system 2 involves the wireline environment 20B of FIG. 2B. Yet
other deployment options include, for example, a slick line, a coiled tubing, a tractor assembly,
a tubular string, or combinations thereof. With some deployrent options {e.g., certain dnlling
scenarios and/or certain slick line, coiled tubing, tractor assembly, or tubing string scenarios),
power s not provided from earth’s surface to the modular downhole logging systern 2. To such
cases, remote power supplies (e.g, batteries) are provided with the modular downhole logging
systern 2 to power 1ts operations.

Returning to the wireline environment of FIG. 2B, a wireling tool string 60 is suspended
in a borehole 25 that penetrates formations 29 of the earth 28 For example, the wireline tool
string 60 may be suspended by a conveyance 42 having conductors and/or optical fibers for
conveying power to the wireline tool string 60. The conveyance 42 may also be used as a
communication interface for uphole and/or downhole communications. In at least some
embodiments, the conveyance 42 wraps and unwraps as needed around conveyance reel 54 when
fowering or raising the wireline tool string 60. As shown, the conveyance reel 54 may be part of
a movable logging facility or vehicle 42 having a conveyance guide 52

In at least some embodiments, the wireline tool string 60 includes modular dowunhole
logging system 2. As previously described with respect to FIG. 1, the modular downhole logging
system 2 includes a TX module 4 and one or more RX modules 10A-10N, where each of the RX
modules 10A-10N includes a sync estimator module 14 to perform sync estimation operations as
described herein. The wireline tool string 60 may also include other tools or electronics 64. The
measurements collected by the modular downhole logging system 2 are conveyed to earth’s
surface and/or are stored by the wireline tool string 60. In either case, the measurements can be
analyzed to obtain downhole formation parameters as described herein.

At earth’s surface, a surface interface 26 receives the downhole formation parameters
and/or related measurements via the cable 42 and conveys the downhole formation parameters
and/or related measurements to a computer system 50. As previously discussed, the interface 26
and/or computer system 50 (e.g, part of the movable logging facility or vehicle 44) may perform
various operations such as converting signals from one format to another and storing downhole
formation parameters and/or related measurements. The computer system 50 also may perform
the operations of processor 18 and/or may operate to analyze downhole formation parameters
and/or related measurements to provide logs, images, or updated downhole formation models.

As an example, the obtained downhole formation parameters may correspond to formation
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resistivity or conductivity as a function of tool or sub depth, azimuthal angle, and/or radial
distance to the borehole 25.

FIG. 3 18 a side view showing an llustrative modular downhole logging system 2. As
shown in FIG. 3, the modular downhole logging system 2 may have a housing 102 with one or
more recessed regions 104, In FIG. 3, there are four recessed regions 104, each with a
respective coaxial antenna 100, 108, 110, and 112, The coaxial antennas 106, 108, 110, and
112 may be 1nsulated from the housing 102 and/or surrounded by a protective material (not
shown). Example protective materials include epoxy, rubber, fiberglass, or ceramics. In such
case, the recessed region 104 may be tilled or partially filled with the protective material In
different embodiments, the coaxial antennas 106, 108, 110, and 112, may each have one or
more loops of wire and may correspond to transmitters or receivers with separate electronics.

in one embodiment, coaxial antennas 106 and 108 are part of separate TX modules,
while coaxial antennas 110 and 112 are part of separate RX modules. In operation, coaxial
antenna 100 transmiis an interrogation signal that propagates through a borehole space and into
the surrounding formation. At coaxial antennas 110 and 112, response signals corresponding
to the interrogation signal are measured to determine an amplitude attenuation and/or a phase
shift between coaxial antennas 110 and 112 The measurement is repeated using coaxial
antenna 108 as a transmitter. From the measured attenuation and/or phase shifis, the resistivity
of the formation can be estimated.

The modular downhole logging system embodiment of FIG. 3 lacks azimuthal
sensitivity, making it difficult to determine the direction of any approaching bed boundaries.
Although not depicted, to provide azimuthal sensitivity, one or more of the antennas 106, 108,
110, and 112 could be tilted {different orientations for transmitter and receiver antennas provide
azimuthal sensitivity). Also, different transmitter/receiver spacings and/or different frequencies
for the transmitted signal enable multiple depths of investigation (1.e., radial distance to
borehole sensitivity}.

FIGS. 4A-4D are side views showing illusirative modular downhole logging system
sub-housings (subs). The modular downhole logging system subs can be coupled to each other
and/or to another housing (e.g., housing 102 of FIG 3) to provide different antenna options for
a modular downhole logging system 2. In some embodiments, modular downhole logging
system subs with antennas are separated trom each other by other types of subs (e g., other
fogging technology subs, spacers, etc.).

The subs of FIGS. 4A-4D include a coupling mechanism that enables each sub to be

coupled to other subs. In some embodiments, the coupling mechanism may be a threaded pin
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and box mechanism as shown tn FIG. 3 and FIGS. 4A-4D. In other embodiments, the coupling
mechanism may be a screw-on mechanism, a press-fit mechanism, a weld, or some other
coupling means that allows subs to be assembled together with controlled azimuthal
alignments.

In FIG. 44, an example modular downhole logging system sub includes a housing 202
with a single coaxial antenna 206, In FIG. 4B, another example modular downhole logging
system sub includes a housing 212 with a tilted antenna 216 in a tilted recessed region 214, In
FiG. 4C, another example modular downhole logging system sub inchudes a housing 222 with
two tilted antennas 226 and 228 in respective tilted recessed regions 214, In FIG. 4D, another
example modular downhole logging system sub includes a housing 232 with triaxial antenna
components 236, 238, and 240 in a recessed region 234

in FIGS. 4A-4D, the different antennas represented may be insulated from the
respective housings and/or surrounded by a protective material (not shown). Example
protective materials include epoxy, rubber, fiberglass, or ceramics. Also, each recessed region
may be filled or partially filled with the protective material. In different embodiments, the
different antennas represented may each have one or more loops of wire and may correspond
to transmitters or receivers {e.g., each attachment example may correspond to one TX or RX
module). Tn sore embodiments, sub housings do not include a recessed region. In such case,
any antennas are exiernal to the sub housing and may be protected wound on a non-recessed
segment of the tubular if desired, perhaps between protective wear bands.

In accordance with at least some embodiments, each sub included with a modular
downhole logging system 2 may be provided with electronics that allow each antenna to
operate as a transmitier or receiver. In some embodiments, a one-line power and
communications bus (with the housing acting as the ground) is provided to convey power,
communications, and sync control signals between subs.

FIG. § 1s a block diagram showing certain components of an illustrative modular
downhole logging system, such as the system 2 represented 1o FIG. 1, with estimated
synchronization as described herein. As shown, the system components include a TX module
4 that includes a local clock/oscillator 8 that generates a drive/clock signal. The drive/clock
signal and/or signals derived therefrom {e.g., using multipliers or dividers) are used to drive
electronic components of the TX module 4. The TX module 4 also includes a driver 306 and
an antenna 308, In operation, the driver 306 provides electrical current to the antenna 308 in
accordance with the drive/clock signal from the local clock/oscillator 8 or in accordance with

a local operating frequency signal derived from the drive/clock signal. The electrical current to
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the antenna 308 and the antenna design results in an emitted signal, at a desired operating
frequency, that travels through a downhole formation (ie., the interrogation signal is
transmitted). The components represented in FIG. 5 also include an RX module 10 having a
sync estimator module 14 that performs sync estimation operations as described herein. For the
synec estimation operations performed by the sync estimator module 14, no sync control signals
from the TX module 4 are needed. In some embodiments, measurements may be used in lieu
of sync countrol signals. For example, the electrical current output by the driver 306 can be
measured and the measurement can be conveyed to the RX module 10 and used by the sync
estimator module 14 to account for a phase offset.

The TX moduie 4 and the RX module 10, represented in FIG. 3, may be part of a
modular downhole logging system 2 (see e.g., FIG 1, FIG. 2A, FIG. 2B) with a single housing
for the TX module 4 and the RX module 10 (see e.g., FIG. 3). In ancther embodiment, the TX
module 4 and the RX module 10 are distributed to different modular downhole logging system
subs that are directly or indirectly coupled together.

FIG. 6 is another block diagram showing components of an illustrative modular
dowunhole logging system such as the system 2 represented in FIG. 1. In FIG. 6, sorue additional
components of the RX module 10 are represented. For example, the RX module 10 may include
one ot a plurality of antennas 312A-312N that can be used for communication and/or collecting
jogging measurements. The antennas 312A-312N recetve response signals, which are then
amplified, filtered, or otherwise conditioned by respective signal conditioner modules 315 and
provided to the Analog-to-Digital Converter (ADC) 318 The output of the ADC 318
corresponds to sampled response signals that provide response signal amplitude information,
response signal phase information, response signal attenuation/phase ratio information, and/or
other response signal information to the processor 18. In at least some embodiments, the
processor 18 stores a syne estimator module 14 that causes the processor 18 to perform sync
estimation operations including estimating a local frequency of a TX module {e.g., a local
clock/oscillator frequency of the transmitier module or a local operating frequency for an
antenna of the transmitter module) based on analysis of response signal Fourier transform
results corresponding to different frequencies. Based on the results of the sync estimation
operations, the processor 18 can then direct the ADC 318 and/or local receiver clock 316 of
the RX module 10 to adjust sampling of the response signals based on the estimated local
frequency of the TX module. For example, the processor 18 can adjust response signal
sampling operations by providing control signals or information to the local receiver clock 316

and/or the ADC 318,
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The processor 18, or a memory in communication with the processor 18, may also
include an inversion model 320 that is used by the processor 18 to derive formation parameters
from the sampled response signals or related information (e.g, amplitude, phase, and/or
attenuation/phase ratio information). Also, the known amplitude and/or phase information for
the interrogation signal transmitted by a TX module may be used by the inversion model 320
As an example, the derived formation parameters may correspond to formation resistivity or
conductivity as a function of tool or sub depth, azimuthal angle, and/or radial distance to the
borehole. The formation parameters can be conveyed to earth's surface and displayed to a user
(e.g., a log or image) as described herein. The user may use the displayed information to select
directional drilling options, surface operations, and/or downhole operations (e.g., well planning
operations, well completion operations, etc). Additionally or alternatively, the derived
formation parameters can be provided to downhole tools configured to perform operations
(e.g., valve control, perforator control, screen control, etc )} based on the derived formation
parameters.

The RX module 10 and the processor 18, represented in FIG. 6, may be part of a
modular downhole logging system 2 (see e.g., FIG. 1, FIG 2A, FIG. 2B) with a single housing
for the RX module 10 and the processor 18. In another embodiment, the RX module 10 and
the processor 18 are distributed to different modular downhole logging system subs that are
directly or indirectly coupled together. In different embodiments, the processor 18 may
or a combination of

correspond to downhole coraponents only, surface components only

2 2

downhole and surface components,

A brief description of synchronization, related issues, and proposed estimation
solutions follows. With the sync estimation techniques disclosed herein, signal synchronization
between modular downhole logging system modules (part of one or more housings) can be
resolved without using clock systern information and without calibration to synchronize clock
systems among the separate modules. Without synchronization among antennas, the local
operating frequency at a recetver module 1s not same as the local operating frequency at a
transmitter module, resulting in inaccurate amplitude and phase measurements during the
Fourter Transform process. Ideally, the local frequencies of the transmitter and receiver are
equal and fixed to facilitate the Fourier Transform process and acquire the corresponding
complex amplitude values {or phase and magnitude). However, local frequencies of separated
transmitter and receiver modules often vary slightly and dnift due to temperature change, etc,,
Accordingly, the local frequency at the recetver will be offset from the local frequency at the

transmitter when Fourier Transform operations are performed on the receiver measurements.

15



10

20

WO 2019/005010 PCT/US2017/039469

For example, the local clock/oscillator of an RX module may have randomly drifted relative to
the local clock/oscillator of a TX module during high temperature operations. H there is no bus
communication to synchronize the local clocks/osciilators among different modular downhole
logging system modules, the operating frequency for transmitter and receiver antennas often
drift and the amplitude/phase of Fourier Transform results will be wrong.

With the disclosed sync estimation techniques, using the limited downhole bus
bandwidth for synchronization operations 18 avoided. Instead of intra~-module synchronization
schemes involving conveying sync clock or sync control signals via a bus, the disclosed
embodiments employ processing schemes to adjust the received response signals to
compensate for the effect of non-synchronization and/or to otherwise account for non-
synchronized portions of the received response signals. With the proposed processing schemes,
sampled response signal information used to derive downhole formation parameters will
account for any synchronization offset without clock information being passed from a TX
module to a RX module.

Eguation 1 gives a general description of a complex voltage measurement of a receiver
antenna with respect to a transmitter antenna firing.

VRX — Amme_getXQ}‘(phai’"xﬁ'PhaRx'f"phai"arget} (1}
The magnitude (Amprg,ger) of the complex measurement is typically affected by any media
in between the transmitter antenna and the recetver antenna but not affected by any electronics
at the transmitter and/or receiver antennas. This is due to the Fourier Transform scheme applied
to the measurement to determine the magnitude of a target signal (typically as formation signal)
only. The phase part of the complex voltage measurement is dominated by three parts; that is,
the phase delay {(phar, ) in the electronics of the transmitter antenna, the phase delay (phag,)
in the electronics of the receiver antenna, and the phase delay of the target signal. In order to
acquire accurate complex voltage signal only from the target, the phase delay in both
transmitter antenna and receiver antenna has be captured and/or synchronized.

In some embodiments {(e.g., LWD electromagnetic resistivity tools), ratio signals of' the
complex measurements are used to characterize formation properties surrounding the logging
tools or subs. An example ratio signal can be taken between measurements of two receivers
with respect to a transmitter firing. Equations 2a and 2b give the description of the two receiver
measurements.

Veyy = Amp, Xel PROTs+PhaRss tphay) (2a)

Vi = A,mpzXei(’ph‘a’z-x‘*ﬁ'pham+phaz) (2b}
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Since the two receiver measurements are from the same transmitter antenna, the same phase
delay of the transmitter antenna for both measurements is expected. In addition, the two
receiver antennas may share the same electronics and receive the signals stmultaneously.
Therefore, the phase delay of the receiver electronics is also expected to be the same. In such
case, the phase delay {(or phase offset) of the two receiver antennas is calibrated out such that
there i1s no receiver phase delay in the measurements (either phapy — phag,y; =0 or
phag,, = phag,, = (). When taking the ratio between the two receiver measurements,
Equation 3 describes how the phase delay can be eliminated in electronics such that the
resulting ratio includes only information related to the surrounding target signal.

Vexy o AMPL ¢ o J(Phages~Phages) o (Phos~Phag) o AMPL o o f(phas~phas) (3)
Vipsxo Amp, Amip

As an example, assume the designed operating frequency 1s 2 kHz and the oscillator
frequency 1s 16384 MHz Also, assume the clock accuracy range is £250ppm over the
operational temperature range and the worst-case clock drift is -250ppm at the transmitter and
+250ppm at the receiver. Error! Reference source not found. shows transmitter and receiver
values in a von-synchronized scenario. As shown in Table 1, the true operating frequency
(for,) from the transmission signal is drifted by the transmitter clock, making the true Tx
operating frequency 1.9995kHz. In addition, the sampling frequency (f; ) of the receiver is
also drifted due to the receiver clock. Accordingly, the discrete data measured at the receiver
will be at an operating frequency value offset from the true operating frequency from the
transmitter. Without synchronization, the recetver sampling frequency (f;) of 16.004kHz is
used in the receiver measurements. Consequently, Equation 4 can be used to determine the

final operating frequency ([, ) measured by the receiver, given by.

- - Jfs .
jORx - OTXX Fop, (4>
The worst case will produce the frequency variation of 1Hz at the receiver measurement as

shown in Error! Reference source not found..

. ] Operating
] ) Sampling Operating
Antenna Oscillator Frequency 7 Frequency
Frequency (fs) Frequency o
Varation
ﬂ 16.384MHz-250ppm | ot HZ 15 906kHz / 8
Transmitter 2 0.5Hz
=106.379904MHz 15 996kHz =1.9995kHz

ot
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388( Vi 5 - 16
16.384MHZ+250ppm | ottt = | 1.9995x T
Receiver o ’ - 1Hz
=16.388096MHz 16.004kHz =1.9990kHz

In accordance with at least some embodiments, operating frequency drifts are
accounted for by performing syne estimation operations as described herein. For example, in
the worst-case scenaric above (-250ppm at Tx clock and +250ppm at Rx clock), non-
synchronized clocks will produce different sampling frequencies at the transmitter (fsr,) and
at the receiver {fSg, ), whereas the transmitter sampling frequency will be used to produce a
signal with operating frequency (f;,. ). Using equations 5a and 5b, two signals are generated
(Signal 1 and Signal 2) using the transmitter sampling frequency. Specifically, Signal 1 has

amplitude of 1.0 and Signal 2 has amplitude of 0.5.

Signal 1{(n) = 1.0Xcos(2mfy, X }-;-i--— x{n)} (Sa)
Rx

Signal 2(n) = 0.5Xcos(2nfy, X ?—1—» *(n)) {(5b)
- SRx

Without any clock information herein, the designed sampling frequency (f;) is used in the
Fourier Transtorm. As shown in FIG. 7, by taking one-second measurements at receiver with
respect to operating frequency of 2kHz as well as the parameters in Error! Reference source
not found., both Signal 1 and Signal 2 have the peak amplitude at 1999Hz after fast Fourier
Transform (FFT). Consequently, tf a discrete Fourier Transform (DFT) i1s performed near the
operating frequency of 2ZkHz as shown in Errer! Reference source not found. (DFT
frequency range from 1.998kHz to 2.0kHz), the received operating frequency drift can be
determined by locking at the peak value of DFT amplitudes near the operating frequency of
2kHz. To evaluate the proposed methods, random noise s injected to the Equations 5a and 5b
to achieve SNR of 10. The corresponding time-domain signal and FFT amplitudes are shown
in FIG. 9 Meanwhile, FIG. 10 shows results of using the proposed method, where the peak
amplitude is represented and can be used to determine the true operating frequency. Even if
SNR is 1.0 as shown in Error! Reference source not found., the proposed method is still able
to determine true operating frequency as in FIG. 12,

Once the received operating frequency is determined by the methods above, the
determined frequency value can be also updated to a forward modeling 1n advanced processing,
such as distance-to-bed-boundary (DTBB) inversion. This can also improve accuracy of later

processing operations by providing better operating frequency values.
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Even though the received operating frequency can be estimated as described herein,
there is another issue regarding phase measurements. Without sharing clock information
among modules, if two receivers are located at different modules and are not synchronized,
Equation (3} is not valid anymore and an additional phase term will be recetved in the ratic
signal, affecting later processing accuracy (such as resistivity determination, DTBB inversion,
etc.). Also, in some modular downhole logging system embodiments only the complex voltage
signal 15 used instead of the ratio signal (amplitude ratio and/or phase ratio). Consequently, for
Equation 1 or Equation 2 to be used in the processing calculation, a determination of the phase
delays in all electronics related to the transmitter/receiver antennas is needed. Determining or
synchronizing phase delay among antennas s different, especially in high temperature
environments where phase delay often drifts.

Accordingly, in accordance with at least some embodiments, techniques are applied to
remove or account for phase delay drift among antennas. More specifically, azimuthal
measurements of a receiver antenna with respect to a transmitter firing can be given as:

Veo(B) = e/ PharctPhaadx (Acos(28) + Beos(B) + €) (6)
In Equation 6, £ is the azimuth angle relative to formations and A, B, and C correspond to
predetermined multi-component measurements. To decouple the multi-coupling components,
the azimuth measurements of the two collocated receivers (physically collocated or pseudo
coliocated after certain processing schemes) are used to calculate various signals having similar
sensitivity to multi-coupling components. Eguations (7a} and (7b)} present the general
description of the azimuthal measurements at the two receivers.

Vers (B) = e/ Pharxphaged w (A1cos(28 + 281) + Blcos(B + f1) + C1) {(7a)

Vi (B) = e/ PRaTxtPRIR) N (A2 005(28 + 282) + B2cos(f + §2) + €2) {(7b)
In Equations 7a and 7b, f1 and £2 indicates the azimuthal angle of each receiver antenna
related to the formations, and Al, B1, and C1 are the complex amphlitude signals for a first
receiver. Meanwhile, A2, B2, and C2 are the complex amplitude signals for a second receiver.
With the presence of the phase delays due to electronics of the antennas, proposed summation

and subtraction will have additional phase delay term in the equations, given by

Signal 1= (Ale/Phera) 4 470/ (PROR)Y o/ PRGTY) (8a)
Signal 2= (Alej(phaaxd — Ag@j(phamz)) el (Phary) (8b)
Signal 3= (Ble/(Pharxs) 4 RRo/(PhaRca)y o) (PRaTY) (8¢
Signal 4= (Ble/(Phers) — pReiPharxe)y o) PRty (8)
Signal 5= (C1e/Pherxl) 4 20/ PhARx2)Y o JPRAT) {3¢)
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Signal 6= (C'j__ej'(pha[{m) - Czei(phagxz)> elivhary) (86)
Equation 8a-8f show processing schemes between two receivers to decouple various coupling
components and related ratio signals. Such ratio signals will immediately remove the phase
delay due to the transmitter antenna. With collocated receivers (e g, in the same module and
thus synchronized), the phase delay from receiver antennas can be removed from Equations
8a-8f and Signals 1-6 can be used for further processing without taking synchronization into
consideration.

The method mentioned above to account for phase delay drift can be applied to any
measurements {not just azimuthal measurements) as long as the two measurements correspond
to the tollow scenarios: (1) the measurements are received at two receivers with synchronized
phase with respect to a same transmitter antenna; (2) the measurements are received at one
recetver with tespect to two transmitter antennas with phase synchronized; or (3) the
measurements are received at one receiver with respect to one transmitter but firing at different
time, depths or azimuthal angles. Equation 9 gives a general exarople of the processing concept
for the 3 described scenarios.

Synchronized Signal

A,mlexl%ej(phaTx1+phaRx1+phai)+A?np2Rx2 xej(pharxz«kphasz +phay)

Amp3pysXe Hphaystphipystrhas) +[@771P4Rx4%ej(phaTX4+phaRx4'+pha4)

Amplgy xel/ OO L amp2 g xel@RO2)

Amp3pyyxef®@has) Lampap . xelPhiy) (9)
It is noted that the values for Ampl-Amp4d can be zero, meaning not using one of the
measurements. As shown in Equation 9, the proposed method herein does not try to capture
the phase delay but rather removes the phase delay term in the desired signals for further
processing, such as anisotropy inversion, DTBB inversion, etc.

It is also possible to determine and then rernove the phase delay of the transmitter o
Equation 9. For example, a device can be installed at the transmitter antenna to measure the
current signal during the transmitter antenna finng. Such current signal will carry phase delay
identical to the phase delay of the transmission signal. Therefore, individual receiver
measurements with respect to a transmitter firing can be normalized by the current
measurement of that transmitter as follow:

N

v, — M < J(:pha'r;\:"’*'ﬁhaiu'f'pha"l‘argez,) — M e J(Phakx*'pha'rarqet} (10
By = i 5 = e . (
I e (DR y) Tron
iTye Tx

Consequently, Equation {9) can be modified as follows:

Synchronized Signal =
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Amplpe | iohogy tphay) o AMPLRY2 o i(phagys +phas)
Xxe t Xe

Txi Tx2 .
ﬁm Xej(phﬁl?x3§+phagg) 4 {m XQj(PhH.Rx_,;ﬁ'th._‘;:’
Tx3 Tx4
Ampligy welphag) LADZ gy w eJ(Phas)
] ' ]
iTx1 Txz g
AMPERYS o jiphas) 4 AUPAREA o jiphas) (11)
Irys Tx4

Equation 11 provides a better compensation scheme by considering the actual amplitude of
transmitter’s firing, while Equation 9 assumes the amplitude of each transmitter is fixed and
consistent.

FIG. 13 1s a flowchart showing an illustrative logging method 700 related to a modular
downhole logging system as described herein. As shown, the method 700 includes performing
various Discrete Fourter Transforms (IDFTs) near an expected operating frequency to determine
frequency drift and peak amplitude (block 702). At block 704, at least two DFT measurements
that meet one of three scenarios are obtained. The three scenarios are: (1) the measurements
are received at two receivers with synchronized phase with respect to a same transmitter
antenna; (2) the measurements are received at one receiver with respect to two transmitter
antennas with phase synchronized, or (3) the measurements are received at one receiver with
respect to one transmitter but firing at different time, depths or azimuthal angles. At block 706,
DFT amplitudes are normalized based on transmitter current measurements to acquire a
synchronized signal. At block 708, advanced processing 15 performed to acquite answer
product {e.g., inversion is performed to derive formation properties). As another option, ratio
processing may be performed to acquire a synchronized signal at block 710, At block 712,
advanced processing is performed to acquire answer product (e.g., inversion is performed to
derive formation properties).

FIG. 14 is a flowchart showing an illustrative method 800 with estimated
synchronization between modules of a modular downhole logging system. At block 802, a
modular logging logging system is deployed in a borehole, where the modular downhole
logging system has at least one transmitter module, at least one receiver module, and a
processor. The deployruent options may involve, for example, a dallstring, a wireline, a slick
line, a coiled tubing, a tractor assembly, a tubing string, or other deployment options. For some
deployment options {e.g., wireline or wired pipe/tubing options), power is available from
earth’s surface to the downhole location. For other deployment options (e.g., certain slick line,
coiled tubing, drill string, tractor assembly, and tubular string options), power is not available

from earth’s surface to the downhole location. Accordingly, operations of a modular downhole
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fogging system 2 may be power from earth’s surface and/or may be powered by a remote power
source {(e.g., batteries).

At block 804, interrogation signals are transmitted into a formation surrounding the
borehole, where the interrogation signals are a function of a clock with an operating frequency.
At block 806, response signals corresponding to the interrogation signals are received by the
at least one receiver module. While blocks 804 and 806 are described sequentially, it should be
appreciated different interrogation signals can be transmitted at different times and thus the
response signals for each interrogation signals can be received at different times (before or atter
the next interrogation signal is transmitted). At block 808, sync estimation operations are
performed by the at least one receiver module, where the sync estimation operations tnclude
estimating the local frequency of the at least one transmitter module based on response signal
Fourier transform results corresponding to different frequencies. At block 810, at least some of
the response signals are sampled by the at least one receiver module based on the estimated
focal frequency of the at least one transmitter module. At block 812, formation property values
are derived by the processor using the sampled response signals. The method 800 can be
repeated as desired such that formation property values are determined for different modular
downhole logging system (or corresponding subs) positions, azimuths, radial distance from the
borehole, etc.

Embodiments disclosed herein include:

A A modular downhole logging system that comprises a transmitier module having a
local frequency, wherein the transmitter module transmits interrogation signals into a formation
based on the local frequency. The modular downhole logging system also comprises a receiver
module axially-spaced from the transmitter module and that receives response signals
corresponding to the interrogation signals, wherein the receiver module includes sampling
fogic and sync estimation logic. The sync estimation logic is configured to perform sync
estimation operations including estimating the local frequency of the transmitter module based
on analysis of response signal Fourier transform results corresponding to different frequencies.
The sampling logic is configured to sample the response signals based on the estimated local
frequency of the transmitter module.

B: A method that comprises deploying a modular downhole logging system in a
borehole, the modular downhole logging system having at least one transmitter module, at feast
one receiver module, and a processor. The method also comprises transmitting, by the at least
one transmitter module, interrogation signals into a formation surrounding the borehole,

wherein the interrogation signals are a function of a local frequency of the at least one
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transmitter module. The method alsc comprises receiving, by the at least one receiver module
axially-spaced from the at least one transmitter module, response signals corresponding to the
interrogation signals. The method also comprises performing sync estimation operations, by
the at least one receiver module, wherein the sync estimation operations include estimating the
local frequency of the at least one transmitter module based on analysis of response signal
Fourier transform results corresponding to different frequencies. The method also comprises
sarnpling, by the at least one receiver module, at least some of the response signals based on
the estimated local frequency of the at least one transmitter module. The method also comprises
deriving, by the processor, formation property values using the sampled response signals.
Each of the embodiments, A and B, may have one or more of the following additional
elements in any combination. Element 1. wherein the sync estimation operations include
determining response signal ratios to account for phase offset, wherein the processor derives
formation property values using the response signal ratios. Element 2: wherein the sync
estimation operations include normalizing response signals based on a predetermined
transmitter current to account for phase offset, wherein the processor derives formation
property values using the normalized response signals. Element 3: further corprising at least
one additional receiver module, wherein the sync estimation operations are performed when
response signals are received by two receiver modules with synchronized phase with respect
to the transmitter module. Element 4 further comprising at least one additional transmitter
module, wherein the sync estimation operations are performed when response signals
corresponding to two transmitter modules with synchronized phase are received by the receiver
module. Element 5. wherein the sync estimation operations are performed when response
signals corresponding to interrogation signals initiated by the transmitter module at different
times, depths, or azimuthal angles are received by the receiver module. Element 6: wherein the
transmuitter module and the receiver module are components of a drillstring that performs
logging-while-drilling (EWD) operations while deployed in a borehole. Element 7: wherein
the transmitter module and the receiver module are components of a tool string deployed in an
open borehole via wireline, slick line, cotled tubing, or tubular string. Element 8: wherein the
transmuitter module and the receiver module are components of a tool string deployed within a
casing string installed in a borehole, wherein the tool string is deployed via wireline, slick line,
coiled tubing, or tubular string. Element 9; wherein the transmitter module is part of a first
downhole sub and the receiver module is part of a second downhole sub. Element 10 wherein
the first downhole sub and second downhole sub are coupled through one or more intervening

downhole subs.
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FElement 11: wheretn the sync estimation operations include determining response
signal ratios that account for phase offset, wherein said deriving 1s based at least in part on the
response signal ratios. Element 12: wherein the sync estimation operations include normalizing
the response signals based on a predetermined transmitter current ogic to account for phase
offset, wherein said deriving is based at least in part on the normalized response signals.
Element 13: wherein the sync estimation operations are performed when response signals are
received by two receiver modules with synchronized phase with respect to a given transmitter
module. Element 14: wherein the sync estimation operations are performed when response
signals corresponding to two transmitter modules with synchronized phase are received by a
recetver module. Element 15; wherein the sync estimation operations are performed when
response signals corresponding to interrogation signals initiated by a given transmitter module
at different times, depths, or azimuthal angles are received by a given receiver module. Element
16: wherein deploying the modular downhole logging system comprises lowering a drillstring
with the modular downhole logging system into the borehole. Element 17: wherein deploying
the modular downhole logging system comprises using a wireline, slick line, cotled tubing, or
tubing string to lower a tool string with the modular downhole logging system into the
borehole. Element 18: wherein the at least one transmitter module and the at least one receiver
module are distributed across a plurality of downhole subs of the modular downhole logging
systent,

Numerous other variations and roodifications will become apparent to those skilled o
the art once the above disclosure ts fully appreciated. It is intended that the following claims

be interpreted to embrace all such variations and modifications where applicable.
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Claims
What is claimed is:
. A modular downhole logging system that coraprises:

a transmitter module having a local frequency, wherein the transmitter module
transmuits interrogation signals into a formation based on the local frequency;
and

a receiver module axially-spaced from the transmitter module and that receives
response signals corresponding to the interrogation signals, wherein the receiver
module includes sampling logic and sync estimation logic, wherein the sync
estimation logic is configured to perform sync estimation operations including
estimating the local frequency of the transmitter module based on analysis of
response signal Fourier transform  results corresponding to  different
frequencies, and wherein the sampling logic 1s configured to sample the
response signals based on the estimated local frequency of the transmitter
module,

wherein a processor derives formation property values using the sampled response
signals.

2. The modular dowunhole logging system of claim 1, wherein the sync estimation operations
include determining response signal ratios to account for phase offset, wherein the processor
derives formation property values using the response signal ratios.

3. The modular downhole logging system of claim 1, wherein the sync estimation operations
include normalizing response signals based on a predetermined transmitter current to account
for phase offset, wherein the processor derives formation property values using the normalized
response signals.

4. The modular downhole logging system of claim 1, further corprising at least one additional
receiver module, wherein the sync estimation operations are performed when response signals
are received by two receiver modules with synchronized phase with respect to the transmitter
module.

S. The modular downhole logging system of claim 1, further comprising at least one additional
transmitter module, wherein the sync estimation operations are performed when response
signals corresponding to two transmitter modules with synchronized phase are received by the
receiver module.

6. The modular downhole logging system of claim 1, wherein the syne estimation operations

are performed when response signals corresponding to interrogation signals initiated by the
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transmitter module at different times, depths, or azimuthal angles are received by the receiver
module.

7. The modular downhole logging system of claim 1, wherein the transmitter wodule and the
receiver module are components of a drillstring that performs logging-while-dritling (LWD)
operations while deploved in a borehole.

&. The downhole system of claim 1, wherein the transmitter module and the receiver module
are components of a tool siring deployed in an open borehole via wireline, slickline, coiled
tubing, or tubular string.

9. The modular downhole logging system of claim 1, wherein the transmitter module and the
recetver module are components of a tool string deployed within a casing siring installed in a
borehole, wherein the tool string is deployed via wireline, slickline, coiled tubing, or tubular
string.

10. The modular downhole logging systern according to any one of claims | to 9, wherein the
transmitter module is part of a first downhole sub and the receiver module 13 part of a second
downhole sub.

t1. The modular dowunhole logging system of claim 10, wherein the first downhole sub and

second downhole sub are coupled through one or more intervening downhole subs.

12. A method that comprises:
deploying a modular downhole logging system in a borehole, the modular downhole
jogging system having at least one transmitter module, at least one receiver
module, and a processor;

transmitting, by the at least one transmitter module, interrogation signals into a

)
formation surrounding the borehole, wherein the interrogation signals are a
function of a local frequency of the at least one transmitter module;

receiving, by the at least one receiver module axially-spaced from the at least one
transmitter module, response signals corresponding to the interrogation signals;

performing sync estimation operations, by the at least one receiver module, wherein the
sync estimation operations include estimating the local frequency of' the at least
one transmitter moduie based on analysis of response signal Fourier transform
results corresponding to different frequencies;

sampling, by the at least one receiver module, at least some of the response signals
based on the estimated local frequency of the at least one transmitter module;

and
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deriving, by the processor, formation property values using the sampled response
signals.

13. The method of claim 12, wherein the sync estimation operations include determining
response signal ratios that account for phase offset, wherein said deriving is based at least in
part on the response signal ratios.
14. The method of claim 12, wherein the sync estimation operations include normalizing the
response signals based on a predetermined transmitter current logic to account for phase offset,
wherein said deriving is based at least in part on the normalized response signals.
15, The method of claim 12, wherein the sync estimation operations are performed when
response signals are received by two receiver modules with synchronized phase with respect
to a given transmitter module.
16. The method of claim 12, wherein the sync estimation operations are performed when
response signals corresponding to two transmitter modules with synchronized phase are
recetved by a receiver module.
17. The method of claim 12, wherein the sync estimation operations are performed when
response signals corresponding to interrogation signals initiated by a given transmitter roodule
at different times, depths, or azimuthal angles are received by a given receiver module.
18. The method of claim 12, wherein deploving the modular downhole logging system
comprises lowering a drillstring with the modular downhole togging syster into the borehole.
19. The method of claim 12, wherein deploying the modular downhole logging system
comprises using a wireline, slick line, cotled tubing, or tubing string to lower a tool string with
the modular downhole logging system into the borehole.
20. The method according to any one of claims 12 to 19, wherein the at least one transmitter
module and the at least one receiver module are distributed across a plurality of downhole subs

of the modular downhole logging system.
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