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FIG. 6

formation can include a first transceiver that is positionable external to a cas-
ing string in the wellbore. The first transceiver can wirelessly transmit data
i via a signal within a frequency band that is selected based on a fluid property

‘ of a fluid in the wellbore and a property of the subterranean formation. The
system can also include a second transceiver that is positionable externally
| the casing string and operable to receive the signal.
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DOWNHOLE COMMUNICATIONS USING SELECTABLE FREQUENCY BANDS

Technical Field

[0001] The present disclosure relates generally to devices for use in well
systems. More specifically, but not by way of limitation, this disclosure relates to

downhole communications using selectable frequency bands.

Backaround
[0002] A well system (e.g., an oil or gas well for extracting fluid or gas from a

subterranean formation) can include various sensors. For example, a well system
can include sensors for measuring well system parameters, such as temperature,
pressure, resistivity, or sound levels. In some examples, the sensors can transmit
data via cables to a well operator (e.g., typically at the surface of the well system).
Cables can wear or fail, however, due to the harsh downhole environment or impacts
with well tools. It can be challenging to communicate data from the sensors to the

well surface efficiently.

Brief Description of the Drawings

[0003] FIG. 1 is a cross-sectional view of an example of a well system that
includes a system for downhole communications using selectable frequency bands.
[0004] FIG. 2 is a graph depicting an example of frequency bands for
downhole communications using selectable frequency bands.

[0005] FIG. 3 is a cross-sectional side view of an example of part of a well
system that includes a system for downhole communications using selectable
frequency bands.

[0006] FIG. 4 is a block diagram of an example of a transceiver for
implementing downhole communications using selectable frequency bands.

[0007] FIG. 5 is a cross-sectional side view of another example of part of a
well system that includes a system for downhole communications using selectable
frequency bands.

[0008] FIG. 6 is a flow chart showing an example of a process for downhole

communications using selectable frequency bands.
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[0009] FIG. 7 is a flow chart showing an example of a process for determining
a property of a fluid, a property of a subterranean formation, a property of a casing
string, and a frequency band according to one example.

[0010] FIG. 8 is a flow chart showing another example of a process for
downhole communications using selectable frequency bands.

[0011] FIG. 9 is a flow chart showing still another example of a process for

downhole communications using selectable frequency bands.

Detailed Description

[0012] Certain aspects and features of the present disclosure are directed to
downhole communications using selectable frequency bands. The downhole
communications can be wireless communications between a transceiver positioned
external to a casing string in a wellbore and a receiver (e.g., another transceiver or a
computing device positioned in the well system). A transceiver can be positioned
external to the casing string if it is positioned on or external to an outer diameter or
outer wall of the casing string.

[0013] The transceiver can transmit data to the receiver using a particular
frequency band. The frequency band can include a range of frequencies. For
example, a frequency band can include the frequencies between 500 kHz and 1
MHz. In some examples, the frequency band can include a single frequency. For
example, the frequency band can be 700 kHz. The transceiver can select the
frequency band based on a property of a fluid in the wellbore, a property of a
subterranean formation (out of which the wellbore is drilled), a distance between the
transceiver and the receiver, a property of the casing string, or any combination of
these.

[0014] In some examples, the transceiver can include a sensor. For example,
the transceiver can include a resistivity sensor for detecting a conductivity of the
fluid. As another example, the transceiver can include global positioning system
(GPS) unit for detecting a location of the transceiver in the wellbore. As still another
example, the sensor can include an electromagnetic sensor for detecting a
conductivity of the subterranean formation. The sensor can transmit sensor data to
the transceiver. The transceiver can use the sensor data to determine the property
of the fluid, the property of the subterranean formation, the distance between the
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transceiver and the receiver, the property of the casing string, or any combination of
these.

[0015] In some examples, the transceiver can select a frequency band to
improve the distance, wireless transmission efficiency, and data throughput of a
wireless transmission. The distance, wireless transmission efficiency, and data
throughput of a wireless transmission can depend on the frequency of the wireless
transmission. For example, a wireless transmission using a lower frequency, such
as 1 kHz, can travel a longer distance with less attenuation than a wireless
transmission using a higher frequency, such as 700 kHz. The data throughput for a
wireless transmission using a lower frequency, however, can be less than the data
throughput for a wireless transmission using a higher frequency. The transceiver
can select a frequency band to optimize the distance, wireless transmission
efficiency, and data throughput of a wireless transmission.

[0016] In some examples, the transceiver can select a particular frequency
band to reduce interference between wireless transmissions. For example, multiple
pairs of transceivers and receivers can be positioned in the wellbore. Each
transceiver can be positioned a short distance (e.g., 10 meters) from a respective
receiver. The transceivers can use high frequencies (e.g., 700 kHz) to wirelessly
communicate with the receivers. Wireless transmissions using higher frequencies
can travel shorter distances and attenuate more than wireless transmissions using
lower frequencies. This can allow the wireless transmissions from each transceiver
to travel to each respective receiver and then attenuate. The attenuation may
reduce interference due to substantially simultaneous wireless transmissions among
the pairs of transceivers and receivers.

[0017] In some examples, the transceiver can transmit data using two different
frequency bands substantially simultaneously. For example, the transceiver can
transmit data to the receiver using a wireless signal with a frequency of 50 kHz,
which can be in a frequency band between 25 kHz and 75 kHz. The transceiver can
substantially simultaneously transmit the data to the receiver using another wireless
signal with a frequency of 200 kHz, which can be in a frequency band between 175
kHz and 225 kHz. In some examples, transmitting the same data using two different
frequency bands can provide redundancy. For example, the wireless signals can be
transmitted through a fluid in the wellbore. The fluid can impact (e.g., attenuate or

distort) the wireless signals differently because the wireless signals use different
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frequency bands. In some examples, if one wireless signal degrades or attenuates
before reaching the receiver, the data may be recovered by the receiver via the other
wireless signal.

[0018] These illustrative examples are given to introduce the reader to the
general subject matter discussed here and are not intended to limit the scope of the
disclosed concepts. The following sections describe various additional features and
examples with reference to the drawings in which like numerals indicate like
elements, and directional descriptions are used to describe the illustrative aspects
but, like the illustrative aspects, should not be used to limit the present disclosure.
[0019] FIG. 1 is a cross-sectional view of an example of a well system 100
that includes a system for downhole communications using selectable frequency
bands. The well system 100 includes a wellbore extending through various earth
strata. The wellbore extends through a hydrocarbon bearing subterranean formation
104. In some examples, the subterranean formation 104 can include multiple
formation layers 120a-c. Each formation layer 120a-c can include material that is
different from or the same as an immediately adjacent formation layer. For example,
formation layer 120a can include rock (such as a porous sedimentary rock),
formation layer 120b can include a hydrocarbon, and formation layer 120c can
include sand or dirt.

[0020] A casing string 106 extends from the surface 108 to the subterranean
formation 104. The casing string 106 can provide a conduit through which formation
fluids, such as production fluids produced from the subterranean formation 104, can
travel from the wellbore 102 to the surface 108.

[0021] In some examples, fluids 105a-c (e.g., liquids or gasses) can be
positioned into the wellbore. The fluids 105a-c can include cement. A well operator
can pump the fluid 105a into an annulus space between the casing string 106 and a
wall of the wellbore. In some examples, the fluid 105a can harden or change
physical state (e.g., from a fluid to a solid). For example, if the fluid 105a includes
cement, the cement can cure and couple the casing string 106 to the wall of the
wellbore.

[0022] The well system 100 can also include at least one well tool 114 (e.g., a
formation-testing tool). The well tool 114 can be coupled to a wireline 110, slickline,
or coiled tubing that can be deployed into the wellbore 102. The wireline 110,

slickline, or coiled tubing can be guided into the wellbore 102 using, for example,
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using a guide 112 or winch. In some examples, the wireline 110, slickline, or coiled
tubing can be wound around a reel 116.

[0023] The well system 100 can include a computing device 140. The
computing device 140 can be positioned at the surface 108, below ground, or offsite.
The computing device 140 can include a processor interfaced with other hardware
via a bus. A memory, which can include any suitable tangible (and non-transitory)
computer-readable medium, such as RAM, ROM, EEPROM, or the like, can embody
program components that configure operation of the computing device 140. In some
aspects, the computing device 140 can include input/output interface components
(e.g., a display, keyboard, touch-sensitive surface, and mouse) and additional
storage.

[0024] The computing device 140 can include a communication device 142.
The communication device 142 can represent one or more of any components that
facilitate a network connection. In the example shown in FIG. 1, the communication
device 142 is wireless and can include wireless interfaces such as |IEEE 802.11,
Bluetooth, or radio interfaces for accessing cellular telephone networks (e.g.,
transceiver/antenna for accessing a CDMA, GSM, UMTS, or other mobile
communications network). In some examples, the communication device 142 can
use acoustic waves, mud pulses, surface waves, vibrations, optical waves, or
induction (e.g., magnetic induction) for engaging in wireless communications. In
other examples, the communication device 142 can be wired and can include
interfaces such as Ethernet, USB, IEEE 1394, or a fiber optic interface.

[0025] The well system 100 can also include transceivers 118a-d. In some
examples, each of the transceivers 118a-d can be positioned on, partially embedded
within, or fully embedded within the casing string 106, the cement sheath 105, or
both. In some examples, the transceivers 118a-d can be positioned externally to the
casing string 106. For example, the transceivers 118a-d can be positioned on an
outer housing of the casing string 106, within the cement sheath 105, within the
subterranean formation 104, or any combination of these. Positioning the
transceivers 118a-d externally to the casing string 106 can be advantageous over
positioning the transceivers 118a-d elsewhere in the well system 100, such as within
the casing string 106, which can affect a drift diameter of the casing string 106.
Additionally, positioning the transceivers 118a-d externally to the casing string 106

can allow the transceivers 118a-d to more accurately and efficiently detect
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characteristics of the subterranean formation 104, the cement sheath 105, and the
casing string 106.

[0026] The transceivers 118a-d can wirelessly communicate with one another
and the computing device 140. Each of the transceivers 118a-d can include a
communications interface (e.g., described in further detail with respect to FIG. 4).
The communications interface can be substantially similar to the communication
device 142 associated with the computing device 140.

[0027] In some examples, the transceivers 118a-d can wirelessly
communicate data in segments or “hops” to a destination (e.g., uphole or downhole).
For example, a transceiver 118a can transmit data to another transceiver 118b (e.g.,
positioned farther uphole), which can relay the data to still another transceiver 118c
(e.g., positioned even farther uphole), and so on. As another example, one
transceiver 118c can transmit data to another transceiver 118d, which can relay the
data to a destination (e.g., the computing device 140).

[0028] In some examples, each of the transceivers 118a-d can select a
frequency band to use to wirelessly communicate. The transceivers 118a-d can
select the frequency band based on a property of a fluid 105a-c (e.g., cement, mud,
or a hydrocarbon) in the wellbore 102, a property of the subterranean formation 104
(e.g., a formation layer 120a-c), a distance between the transceivers 118a-d, a
property of the casing string 106 (e.g., the geometry, position, or material), or any
combination of these. For example, the transceiver 118a can determine (e.g., using
a sensor) that there is a fluid 105a between transceiver 118a and transceiver 118b
that has a low dielectric constant and a low conductivity. The fluid 105a can include
an oil-based mud. In some examples, the low dielectric constant and the low
conductivity of the fluid 105a can affect the efficiency of wireless communications
through the fluid 105a. The transceiver 118a can select a frequency band that
improves or optimizes the efficiency of wireless communications through the fluid
105a. For example, the transceiver 118a can select a low frequency band, which
may propagate through the fluid 105a with greater efficiency.

[0029] As another example, the transceiver 118b can determine that there is a
fluid 105b between transceiver 118b and transceiver 118c that has a high dielectric
constant and a high conductivity. The fluid 105b can include cement. The high
dielectric constant and the high conductivity of the fluid 105b can affect the efficiency

of wireless communications through the fluid 105b. The transceiver 118a can select
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a frequency band that improves or optimizes the efficiency of wireless
communications through the fluid 105b. For example, the transceiver 118a can
select a high frequency band, which may propagate through the fluid 105b with
greater efficiency.

[0030] In some examples, at least two of the transceivers 118a-d can use
different frequency bands to transmit data. For example, transceiver 118a can
transmit data to transceiver 118b using one frequency band and transceiver 118b
can transmit data to transceiver 118c using another frequency band. In some
examples, the transceivers 118a-c may select different frequency bands based on
the different communication mediums (e.g., the different fluids 105a-c, formation
layers 120a-c, or both) through which a wireless signal will travel.

[0031] FIG. 2 is a graph depicting an example of frequency bands 210, 220
usable for downhole communications using selectable frequency bands. Each of the
frequency bands 210, 220 can include one or more frequencies. In the example
shown in FIG. 2, frequency band 210 includes the range of frequencies from
frequency 202 to frequency 204. The frequency band 220 includes the range of
frequencies from frequency 206 to frequency 208.

[0032] As discussed above, a transceiver can select a frequency band 210,
220 to use for wireless communication. The transceiver can select among the
frequency bands 210, 220 based on a property of a fluid in a wellbore, a property of
a subterranean formation, a distance between two transceivers, a property of the
casing string, or any combination of these.

[0033] In some examples, a transceiver can wirelessly communicate using at
least two frequency bands 210, 220 substantially simultaneously. For example, one
transceiver can transmit wireless signals to another transceiver using both frequency
bands 210, 220 substantially simultaneously. In some examples, the environment in
the wellbore (e.g., a characteristic of a fluid, the casing string, or the subterranean
formation) can impact the characteristics of the wireless signals transmitted through
the frequency bands 210, 220 differently. For example, the wireless signal
transmitted through one frequency band 210 may attenuate or distort more than the
wireless signal transmitted through the other frequency band 220. If the wireless
signal transmitted through frequency band 210 is unusable or the data is corrupt, the
receiving transceiver can retrieve the data from the wireless signal transmitted

through frequency band 220. In this manner, transmitting wireless signals through
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multiple frequency bands 210, 220 substantially simultaneously can provide
redundancy.

[0034] FIG. 3 is a cross-sectional side view of an example of part of a well
system that includes a system for downhole communications using selectable
frequency bands that includes transceivers 118a-c. The transceivers 118a-c can be
positioned on or externally to a casing string 310 in a wellbore. For example, the
transceiver 118a can be positioned coaxially around an outer housing 320 of the
casing string 310. In some examples, a well tool 300 can be positioned within the
casing string 310. The well tool 300 can include multiple subsystems 302, 304, 306.
[0035] Fluid 309 (e.g., a liquid or gas) can be positioned in a space 308
between the casing string 310 to the subterranean formation 312. Examples of the
fluid 309 can include cement, mud, a spacing fluid, a servicing fluid, a hydrocarbon,
a formation fluid, or any combination of these. In one example, a fluid 309
containing cement can be pumped into the space 308 during cementing operations.
The fluid 309, however, may not fill the full longitudinal length of the space 308. This
can generate an annulus (e.g., space 308) between a portion of the casing string
310 and the subterranean formation 312. Gas or other material can be positioned in
the annulus.

[0036] In some examples, each transceiver 118a can include or be electrically
coupled to a sensor 318. In the example shown in FIG. 3, the transceiver 118a is
electrically coupled to the sensor 318 by a wire. Examples of the sensor 318 can
include a pressure sensor, an electromagnetic sensor, a temperature sensor, an
acoustic sensor, an accelerometer, a depth sensor, a gyroscope, a global positioning
system (GPS) unit, a resistivity sensor, a vibration sensor, an ultrasonic transducer,
a fluid analyzer or detector, and a RFID reader. In some examples, the sensor 318
can detect the presence of, absence of, or a property of the fluid 309. The sensor
318 can additionally or alternatively detect a property of a portion of the
subterranean formation 312 (e.g., a formation layer), a casing string 310, or both. In
some examples, the sensor 318 can additionally or alternatively detect a distance
between the transceivers 118a-c. For example, a transceiver 118a can use a GPS
unit to determine a location of the transceiver 118a. The transceiver 118a can
wirelessly communicate the location to another transceiver 118b. The transceiver

118b can use a GPS unit to determine a location of the transceiver 118b. The
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transceiver 118b can compare the two locations and determine a distance between
the transceivers 118a-b.

[0037] In some examples, the sensor 318 can transmit sensor signals to a
processor (e.g., associated with a transceiver 118a). The sensor signals can be
representative of sensor data. The processor can receive the sensor signals and
cause the transceiver 118a to communicate the sensor data (e.g., to another
transceiver 118b). For example, the processor can transmit signals to an antenna
(e.g., a toroid antenna or a solenoid antenna) to generate a wireless signal 316a
representative of the sensor data. In some examples, the sensor 318 can
additionally or alternatively transmit sensor signals to an electrical circuit. The
electrical circuit can include modulators, demodulators, operational amplifiers,
integrated circuits, filters, frequency shifters, capacitors, multiplexers, an electrical-
to-optical converter, inductors, and other electrical circuit components. The electrical
circuit can receive the sensor signal and perform one or more functions (e.g.,
amplification, frequency shifting, modulation, multiplexing, filtering, conversion of
electrical signals to optical pulses, analog-to-digital conversion, or digital-to-analog
conversion) to cause the transceiver 118a to generate the wireless signal 316a. For
example, the electrical circuit can amplify and frequency shift the sensor signal to a
specific frequency within a frequency band, and transmit the amplified and
frequency-shifted signal to an antenna. This can cause the antenna to generate a
wireless communication at the specific frequency and that is representative of the
sensor signals.

[0038] Each of the transceivers 118a-c can select a frequency band for
wireless communications. In some examples, each of the transceivers 118a-c can
select a frequency band based on a property of a fluid 309 in the wellbore, a property
of the subterranean formation 312, a distance between transceivers 118a-c, a
property of the casing string 310, or any combination of these. Examples of the
property of the fluid 309 can include a type, conductivity, dielectric constant, and
location of the fluid 309. Examples of the property of the subterranean formation 312
can include a type, dielectric constant, magnetic permittivity, electric permittivity, and
conductivity of a portion of the subterranean formation. Examples of the property of
the casing string 310 can include a type, location, geometry, conductivity, dielectric
constant, magnetic permittivity, and electric permittivity. In some examples, the

sensor 318 can detect the property of the fluid 309, the property of the subterranean
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formation 312, the distance between the transceivers 118a-c, and/or the property of
the casings string 310 and transmit associated sensor data to a transceiver 118a.
The transceiver 118a can receive the sensor data and select a frequency band
based on the sensor data.

[0039] In some examples, selecting a frequency band based on a property of
the fluid 309, subterranean formation 312, casings string 310, and/or the distance
between the transceivers 118a-c can improve the transmission efficiency of wireless
communications between transceivers 118a-c. For example, the transceiver 118a
can determine (based on sensor data) that a liquid (e.g., fluid 309) is positioned
between the transceivers 118a-b based on data from the sensor 318. In some
examples, wireless communications using a higher frequency band (e.g., 1 MHz — 2
MHz) can become unstable if transmitted through a liquid. For example, the liquid
can distort the wireless communication or cause the wireless communication to
attenuate. In some examples, upon detecting the liquid positioned between the
transceivers 118a-b, the transceiver 118a may select a lower frequency band that
has a lower frequency range (e.g., 10 kHz — 50 kHz). The transceiver 118a can
transmit a wireless signal 316a using the lower frequency band. This may improve
the efficiency of wireless communications between the transceivers 118a-b.

[0040] As another example, the transceiver 118b can determine that there is a
gas (e.g., air) positioned in the space 308 between the transceiver 118b and
transceiver 118c. For example, the sensor can include a liquid sensor that can
detect the absence of a liquid between the transceivers 118b-c. In some examples,
wireless communications using a higher frequency band can have a sufficient
wireless communication efficiency when transmitted through a gas. Wireless
communications using a higher frequency band can also have a higher data
throughput than wireless communications using a lower frequency band. In some
examples, the transceiver 118b can select the higher frequency band to achieve a
higher data throughput. The transceiver 118b can transmit a wireless signal 316b
using the higher frequency band.

[0041] In some examples, the subterranean formation 312 can include
multiple formation layers (e.g., formation layers 120a-c of FIG. 1). The formation
layers can have different properties. For example, the formation layers can include
different properties, such as different materials, geometries, conductivities, and

dielectric constants. The transceiver 118a can detect, via a sensor 318 (e.g., which
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can include an impedance sensor), the properties of a formation layer. For example,
the sensor 318 can detect that the conductivity of a formation layer adjacent or near
to the transceiver 118a is high. For example, a formation layer positioned between
transceivers 118a-b can include a highly conductive material, such as iron or copper.
The transceiver 118a can select a frequency band based on the high conductivity of
the material. In some examples, wireless communications using the selected
frequency band can have a higher efficiency than wireless communications using
other frequency bands when transmitted through a highly conductive material.

[0042] In some examples, the transceiver 118a-c can determine the a
property of the fluid 309, the property of the subterranean formation 312, or both
based on a wireless communication from another transceiver 118a-c. For example,
the transceivers 118a-c can determine a property of the fluid 309 based on changes
or differences in amplitudes, frequencies, signal-to-noise ratios, and phases between
multiple wireless communications. In one example, air can be positioned between
the transceivers 118a-b, causing a wireless communication between the transceivers
118a-b to have a high amplitude. Thereafter, if a liquid (e.g., cement) is positioned
between the transceivers 118a-b, a wireless communication between the
transceivers 118a-b can have a lower amplitude. For example, if there is a fluid
incursion in the wellbore, the wireless communication can have a lower amplitude.
The transceiver 118b can detect the decrease in amplitude and determine that the
liquid, or another material, is positioned between the transceivers 118a-b. This may
alert a well operator to an anomaly in the wellbore. In some examples, the
transceivers 118a-b can determine the type, dielectric constant, and conductivity of
the fluid 309 based on the decrease in amplitude. For example, the transceivers
118a-b can consult a lookup table in memory to determine a type, conductivity,
dielectric constant, or any combination of these for the fluid 309 based on the
decrease in amplitude. The transceivers 118a-b can select a frequency band based
on the type, conductivity, dielectric constant, and location of the fluid.

[0043] In some examples, the transceiver 118a-c can select a frequency band
based on the properties of multiple wireless communications from another
transceiver 118a-c. For example, the transceivers 118a-c can determine changes in
properties, such as amplitudes and signal-to-noise ratios, between multiple wireless
communications. The transceivers 118a-b can select a frequency band based on

the changes in the properties. For example, the transceivers 118a can wirelessly
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communicate data to transceiver 118b using two different frequency bands. The
transceiver 118b can measure the signal-to-noise ratio of each of the wireless
communications. In some examples, the transceivers 118a-b can select, for future
wireless communications, the frequency band with the larger signal-to-noise ratio.
[0044] FIG. 4 is a block diagram of an example of a transceiver for
implementing downhole communications using selectable frequency bands. In some
examples, the components shown in FIG. 4 (e.g., the computing device 402, power
source 420, and communications interface 422) can be integrated into a single
structure. For example, the components can be within a single housing. In other
examples, the components shown in FIG. 4 can be distributed (e.g., in separate
housings) and in electrical communication with each other.

[0045] The transceiver 118 can include a computing device 402. The
computing device 402 can include a processor 404, a memory 408, and a bus 406.
The processor 404 can execute one or more operations for operating the transceiver
118. The processor 404 can execute instructions stored in the memory 408 to
perform the operations. The processor 404 can include one processing device or
multiple processing devices. Non-limiting examples of the processor 404 include a
Field-Programmable Gate Array (“FPGA?”), an application-specific integrated circuit
(“ASIC”), a microprocessor, etc.

[0046] The processor 404 can be communicatively coupled to the memory
408 via the bus 406. The non-volatile memory 408 may include any type of memory
device that retains stored information when powered off. Non-limiting examples of
the memory 408 include electrically erasable and programmable read-only memory
("EEPROM?”), flash memory, or any other type of non-volatie memory. In some
examples, at least some of the memory 408 can include a medium from which the
processor 404 can read instructions. A computer-readable medium can include
electronic, optical, magnetic, or other storage devices capable of providing the
processor 404 with computer-readable instructions or other program code. Non-
limiting examples of a computer-readable medium include (but are not limited to)
magnetic disk(s), memory chip(s), ROM, random-access memory (“RAM”), an ASIC,
a configured processor, optical storage, or any other medium from which a computer
processor can read instructions. The instructions can include processor-specific
instructions generated by a compiler or an interpreter from code written in any

suitable computer-programming language, including, for example, C, C++, C#, etc.
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[0047] The memory 408 can include various modules 409, 410, 416 for
enabling downhole communication using selectable frequency bands. In some
examples, the memory 408 can include a frequency band selector module 410. The
frequency band selector module 410 can include instructions for selecting a
frequency band to use to transmit data. The frequency band selector module 410
may or may not include instructions for selecting the frequency band from among
multiple stored frequency bands 412.

[0048] In some examples, the memory 408 can include a control module 416.
The control module 416 can include instructions for receiving data from a sensor
418, communications interface 422, or both and operating the frequency band
selector module 410 based on the data. For example, the control module 416 can
cause the frequency band selector module 410 to select frequency band between
500 kHz and 1 MHz from among the stored frequency bands 412.

[0049] In some examples, the control module 416 can include instructions for
determining a property of the fluid based on data from a sensor 418. For example,
the control module 416 can include a lookup table in which data from the sensor 418
is mapped to fluid properties. The control module 416 can include instructions for
consulting the lookup table to determine a fluid property based on the data.

[0050] In some examples, the control module 416 can include instructions for
determining a property of the subterranean formation based on data from a sensor
418. In some examples, the control module 416 can include a lookup table in which
data from the sensor 418 is mapped to subterranean formation properties. The
control module 416 can include instructions for consulting the lookup table to
determine a subterranean formation property based on the data.

[0051] In some examples, the control module 416 can include instructions for
determining a property of the casing string based on data from a sensor 418. In
some examples, the control module 416 can include a lookup table in which data
from the sensor 418 is mapped to casing string properties. The control module 416
can include instructions for consulting the lookup table to determine a casing string
property based on the data.

[0052] In some examples, the control module 416 can include instructions for
retrieving fluid properties, subterranean formation properties, casings string
properties, or any combination of these from preprogrammed data 409 stored in

memory 408. A user can program the fluid properties, subterranean formation
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properties, casings string properties, or any combination of these into memory 408
(e.g., prior to the transceiver 118 being positioned in a wellbore). For example, a
well operator can take samples of fluid within the wellbore and the subterranean
formation surrounding the wellbore prior to positioning the transceiver 118 in a
wellbore. The well operator can determine the properties of the fluid, subterranean
formation, or both and program the properties in memory 408. In some examples,
the well operator can know the properties of the fluid (e.g., a well servicing fluid),
casing string, or both. For example, the well operator can determine a property of
the fluid or the casing string, such as the geometry of the casings string, from an
operations manual or a specification sheet. The well operator can store the
properties of the fluid and the casing string in memory 408.

[0053] In some examples, the control module 416 can include a lookup table
in which fluid properties, subterranean formation properties, casing string properties,
or any combination of these are mapped to frequency bands. The control module
416 can include instructions for consulting the lookup table to determine a frequency
band based on a fluid property, a subterranean formation property, a casing string
property, or any combination of these. The control module 416 can cause frequency
band selector module 410 to select the frequency band (e.g., from among stored
frequency bands 412).

[0054] In some examples, the control module 416 can include instructions for
receiving a wireless communication from another transceiver 118. The control
module 416 can include instructions for operating the frequency band selector
module 410 based a characteristic of the wireless communication. For example, the
control module 416 can include instructions for determining, based on the amplitude,
frequency, and phase of the wireless communication, a frequency band from among
stored frequency band 412, and operating the frequency band selector module 410
to select the frequency band. In some examples, the control module 416 can include
a lookup table in which the characteristics of a wireless communication are mapped
to frequency bands, fluid properties, subterranean formation properties, casing string
properties, or any combination of these. The control module 416 can include
instructions for consulting the lookup table to determine a frequency band, a fluid
property, a subterranean formation property, casing string property, or any
combination of these based on the characteristics of the wireless communication.
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[0055] In some examples, the control module 416 can include instructions for
determining multiple frequency bands to use in wirelessly communicating data. The
control module 416 can cause the frequency band selector module 410 to select the
multiple frequency bands. For example, the control module 416 can use any of the
methods described in the present disclosure to determine the two most efficient
frequency bands through which to wirelessly communicate data. The control module
416 can cause the frequency band selector module 410 to select the two frequency
bands. In some examples, the transceiver 118 can wirelessly communicate using
the two frequency bands substantially simultaneously.

[0056] The transceiver 118 can include a power source 420. The power
source 420 can be in electrical communication with the computing device 402, the
communications interface 422, and the sensor 418. In some examples, the power
source 420 can include a battery (e.g. for powering the transceiver 118). In other
examples, the transceiver 118 can be coupled to and powered by an electrical cable
(e.g., a wireline).

[0057] Additionally or alternatively, the power source 420 can include an AC
signal generator. The computing device 402 can operate the power source 420 to
apply a transmission signal to the antenna 424. For example, the computing device
402 can cause the power source 420 to apply a voltage with a frequency to the
antenna 424 to generate a wireless communication. In other examples, the
computing device 402, rather than the power source 420, can apply the transmission
signal to the antenna 424 to generate the wireless communication.

[0058] The transceiver 118 can include a communications interface 422. The
communications interface 422 can include or can be coupled to an antenna 424. In
some examples, part of the communications interface 422 can be implemented in
software. For example, the communications interface 422 can include instructions
stored in memory 408.

[0059] The communications interface 422 can detect signals from another
transceiver 118. In some examples, the communications interface 422 can amplify,
fiter, demodulate, demultiplex, demodulate, frequency shift, and otherwise
manipulate the detected signals. In some examples, the communications interface
422 can receive a signal in a frequency band from one transceiver 118, frequency
shift the signal to a new frequency band, and transmit the frequency shifted signal to

another transceiver 118. In this manner, the transceiver 118 can receive a signal in
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one frequency band and relay data to another transceiver 118 using another
frequency band, without converting the data to a digital signal (e.g., for use by the
processor 404). This may save time and power. In other examples, the
communications interface 422 can transmit a signal associated with the detected
signals to the processor 404. The processor 404 can receive and analyze the signal
to retrieve data associated with the detected signals.

[0060] In some examples, the processor 404 can analyze the data from the
communications interface 422 and perform one or more functions. For example, the
processor 404 can generate a response based on the data. The processor 404 can
cause a response signal associated with the response to be transmitted to the
communications interface 422. The communications interface 422 can generate a
transmission signal (e.g., via the antenna 424) to communicate the response to
another transceiver 118. For example, the processor 404 or communications
interface 422 can amplify, filter, modulate, frequency shift, multiplex, and otherwise
manipulate the response signal to generate the transmission signal. In some
examples, the communications interface 422 can encode data within the response
signal using a modulation technique (e.g., frequency modulation, amplitude
modulation, or phase modulation) to generate the transmission signal. The
communications interface 422 can transmit the transmission signal to the antenna
424. The antenna 424 can receive the transmission signal and responsively
generate a wireless communication. In this manner, the processor 404 can receive,
analyze, and respond to communications from another transceiver 118.

[0061] The computing device 402 can include a sensor 418. Examples of the
sensor 418 can include a pressure sensor, temperature sensor, microphone,
accelerometer, depth sensor, resistivity sensor, electromagnetic sensor, vibration
sensor, ultrasonic transducer, GPS unit, fluid analyzer or sensor, RFID tag, and a
RFID reader. The sensor 418 can transmit data to the processor 404 (e.g., for
analysis, communication to another transceiver 118, or both). In some examples,
the sensor 418 includes the communications interface 422 and the data is
associated with a received wireless communication.

[0062] FIG. 5 is a cross-sectional side view of another example of part of a
well system that includes a system for downhole communications using selectable

frequency bands. In this example, the well system includes a wellbore. The
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wellbore can include a casing string 516. In some examples, a fluid 514 (e.g., mud)
can be positioned in the wellbore (e.g., in annulus 512).

[0063] A well tool 500 (e.g., logging-while-drilling tool) can be positioned in the
wellbore. The well tool 500 can include various subsystems 502, 504, 506, 507. For
example, the well tool 500 can include a subsystem 502 that includes a
communication subsystem. The well tool 500 can also include a subsystem 504 that
includes a saver subsystem or a rotary steerable system. A tubular section or an
intermediate subsystem 506 (e.g., a mud motor or measuring-while-drilling module)
can be positioned between the other subsystems 502, 504. In some examples, the
well tool 500 can include a drill bit 510 for drilling the wellbore. The drill bit 510 can
be coupled to another tubular section or intermediate subsystem 507 (e.g., a
measuring-while-drilling module or a rotary steerable system).

[0064] The well tool 500 can also include tubular joints 508a, 508b. Tubular
joint 508a can prevent a wire from passing between one subsystem 502 and the
intermediate subsystem 506. Tubular joint 508b can prevent a wire from passing
between the other subsystem 504 and the intermediate subsystem 506. The tubular
joints 508a, 508b may make it challenging to communicate data through the well tool
500. It may be desirable to communicate data externally to the well tool 500, for
example, using transceivers 118a-b.

[0065] The transceivers 118a-b can be positioned external to the casing string
516. The transceivers 118a-b can wirelessly communicate data using a particular
frequency band. For example, the transceiver 118a can transmit data to transceiver
118b using a frequency within a high frequency band (e.g., 1 MHz — 2 MHz). In
some examples, the wellbore can include multiple different mediums 518a-c (e.g.,
any combination of liquids and gasses) through which transceivers 118a-b can
wirelessly communicate. The transceivers 118a-b can select a frequency band
based on the characteristics of the mediums 518a-c, a characteristic of a
subterranean formation out of which the wellbore is drilled, the characteristics of the
casing string 516, or any combination of these. This can allow the transceivers
118a-b to Iimprove the efficiency and signal-to-noise ratio of wireless
communications between the transceivers 118a-c.

[0066] FIG. 6 is a flow chart showing an example of a process for downhole
communications using selectable frequency bands according to one example. Some

examples may not include all the steps shown in FIG. 6.
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[0067] In block 602, a transceiver receives a sensor signal. The sensor signal
can be in analog or digital form. A processor within the transceiver can receive the
sensor signal from a sensor. The sensor signal can include information associated
with a downhole environment. For example, the sensor signal can include or
represent a property of fluid in a wellbore, a property of a portion of a subterranean
formation, a property of a casing string, or any combination of these.

[0068] In block 604, the transceiver determines a property of a fluid based on
the sensor signal. For example, as depicted in block 702 of FIG. 7, the transceiver
can consult a lookup table stored in memory that maps sensor signal data (or sensor
signal characteristics) to fluid properties. The transceiver can use the lookup table to
determine the property of the fluid that corresponds to the sensor signal data. For
example, the transceiver can use the lookup table to map a positive voltage of the
sensor signal to the fluid having a liquid form (e.g., rather than a gaseous form).
[0069] In block 606, the transceiver determines a property of a subterranean
formation based on the sensor signal. For example, as depicted in block 704 of FIG.
7, the transceiver can consult a lookup table stored in memory that maps sensor
signal data (or sensor signal characteristics) to subterranean formation properties.
The transceiver can use the lookup table to determine the property of the
subterranean formation that corresponds to the sensor signal data. For example, the
transceiver can use the lookup table to map a positive voltage of the sensor signal to
a high conductivity of the subterranean formation.

[0070] In block 608, the transceiver determines a property of a casing string
based on the sensor signal. For example, as depicted in block 706 of FIG. 7, the
transceiver can consult a lookup table stored in memory that maps sensor signal
data (or sensor signal characteristics) to casing string properties. The transceiver
can use the lookup table to determine the property of the casing string that
corresponds to the sensor signal data. For example, the transceiver can use the
lookup table to map a positive voltage of the sensor signal to a high conductivity of
the casing string.

[0071] In block 610, the transceiver determines a distance between two
transceivers. In some examples, the location of at least one of the transceivers is
preprogrammed into memory. For example, a well operator can preprogram a
position (e.g., GPS coordinates or a distance from the well surface) of both of the

transceivers into the memory of the transceiver. The transceiver can retrieve the
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positions and determine, based on the positions, a distance between the
transceivers.

[0072] In some examples, the transceiver can determine the distance between
two transceivers based on a sensor signal from a sensor. For example, the sensor
can include a GPS unit. The transceiver can use the GPS unit to determine a
location (e.g., the GPS coordinates) of the transceiver. The transceiver can compare
the location to a position of the other transceiver (e.g., programmed into memory or
received via a wireless communication from the other transceiver) to determine a
distance between the transceivers.

[0073] In some examples, the sensor can include a temperature sensor, a
pressure sensor, or both. The transceiver can detect a temperature, pressure, or
both and use the temperature, pressure, or both to determine the location of the
transceiver in the wellbore. For example, different locations in the wellbore may
have different temperatures, pressures, or both. The transceiver can consult a
lookup table stored in memory (or use an algorithm) to map a temperature, pressure,
or both to a particular location in the wellbore. In some examples, the transceiver
can receive a wireless communication indicative of a temperature, pressure, or both
near another transceiver. The transceiver can use the temperature, pressure, or
both near the other transceiver to determine the location of the other transceiver
(e.g., via the lookup table or an algorithm). The transceiver can compare its location
to the location of the other transceiver to determine a distance between the
transceivers.

[0074] In some examples, the transceiver can determine a distance between
the transceivers based on one or more characteristics (e.g., the type, frequency,
duration, waveform, and/or amplitude) of a wireless communication from the other
transceiver. For example, the transceiver can receive a wireless communication
from the other transceiver and determine the distance to the other transceiver based
on transmission medium between the transceivers and/or the amplitude of the
wireless communication. As another example, the transceiver can determine a
distance between the transceivers based on a timing of wireless communications
between the transceivers. For example, the transceiver may transmit a wireless
communication to the other transceiver, which may receive the wireless
communication and transmit a response back to the transceiver. The transceiver

can determine the total time between the initial wireless communication and the
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response. Based on the total time, the transceiver can determine a distance
between the transceivers. For example, the transceiver can divide the total time by
two (because the total time can take into account the roundtrip time of the wireless
communication) to determine a one-way time. The transceiver can divide the one-
way time by the speed of sound to determine the distance between the transceivers.

[0075] In block 612, the transceiver selects a frequency band. The
transceiver can select the frequency band based on the property of the fluid, the
property of the subterranean formation, the property of the casing string, the distance
between the two transceivers, or any combination of these. For example, as
depicted in block 708 of FIG. 7, the transceiver can consult a lookup table stored in
memory that maps fluid properties, subterranean formation properties, casing string
properties, or any combination of these to frequency bands. The transceiver can use
the lookup table to determine the frequency band that corresponds to the fluid
properties, subterranean formation properties, and/or casing string properties. For
example, the transceiver can use the lookup table to map a fluid having a liquid form
to a low frequency band.

[0076] In block 614, the transceiver wirelessly transmits a signal using the
frequency band selected in block 612. For example, if the frequency band selected
in block 612 is between 15 kHz and 30 kHz, the transceiver can wirelessly transmit a
signal using 25 kHz.

[0077] FIG. 7 is a flow chart showing an example of a process for determining
a property of a fluid, a property of a subterranean formation, a property of a casing
string, and a frequency band according to one example. Any of the steps shown in
FIG. 7 can be included additionally or alternatively to any of the steps shown in FIG.
6. Some examples may not include all the steps shown in FIG. 7.

[0078] In block 702, the transceiver consults a lookup table that maps sensor
signal data to fluid properties. For example, the lookup table can be stored in
memory and include one column that has sensor signal data (or characteristics) and
another column that has fluid properties. The transceiver (e.g., a processor within
the transceiver) can determine the fluid property in the same row as the sensor
signal data. The lookup table can alternatively be implemented using any of a
number of alternative arrangements of sensor signal data and fluid properties.

[0079] In block 704, the transceiver consults a lookup table that maps sensor

signal data to subterranean formation properties. For example, the lookup table can
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be stored in memory and include one column that has sensor signal data (or
characteristics) and another column that has subterranean formation properties. The
transceiver (e.g., a processor within the transceiver) can determine the subterranean
formation property in the same row as the sensor signal data. The lookup table can
alternatively be implemented using any of a number of alternative arrangements of
sensor signal data and subterranean formation properties.

[0080] In block 706, the transceiver consults a lookup table that maps sensor
signal data to casing string properties. For example, the lookup table can be stored
in memory and include one column that has sensor signal data (or characteristics)
and another column that has casing string properties. The transceiver (e.g., a
processor within the transceiver) can determine the casing string property in the
same row as the sensor signal data. The lookup table can alternatively be
implemented using any of a number of alternative arrangements of sensor signal
data and casing string properties.

[0081] In block 708, the transceiver consults a lookup table that maps fluid
properties, subterranean formation properties, casing string properties, or any
combination of these to frequency bands. For example, the lookup table can be
stored in memory and include one column that has fluid properties, another column
that has subterranean formation properties, another column that has casing string
properties, and still another column that has frequency bands. The transceiver (e.g.,
a processor within the transceiver) can determine the frequency band in the same
row as the fluid property, subterranean formation property, and/or casing string
property. The lookup table can alternatively be implemented using any of a number
of alternative arrangements of fluid properties, subterranean formation properties,
casing string properties, and frequency bands.

[0082] FIG. 8 is a flow chart showing another example of a process for
downhole communications using selectable frequency bands according to one
example. Any of the steps shown in FIG. 8 can be included additionally or
alternatively to any of the steps shown in FIGs. 6-7. Some examples may not
include all the steps shown in FIG. 8.

[0083] In block 802, the transceiver receives a wireless transmission from a
sensor. In some examples, the sensor includes a communications interface for

receiving the wireless transmission.
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[0084] In block 804, the transceiver determines a characteristic of the wireless
transmission. Examples of the characteristic can include an amplitude, phase,
frequency, duration, waveform, or any combination of these. In some examples, the
transceiver can perform one or more operations to determine the characteristic. For
example, the transceiver can perform a Fourier Transform on data associated with
the wireless transmission to determine the frequency of the wireless transmission.
[0085] In block 806, the transceiver determines a property of a fluid based on
the characteristic. For example, the transceiver can consult a lookup table stored in
memory that maps wireless communication characteristics to fluid properties. The
transceiver can use the lookup table to determine the property of the fluid that
corresponds to the characteristic. For example, the transceiver can use the lookup
table to map a particular amplitude of the wireless communication to the fluid having
a liquid form (e.g., rather than a gaseous form).

[0086] In block 808, the transceiver determines a property of a subterranean
formation based on the characteristic. For example, the transceiver can consult a
lookup table stored in memory that maps wireless communication characteristics to
subterranean formation properties. The transceiver can use the lookup table to
determine the property of the subterranean formation that corresponds to the
characteristic. For example, the transceiver can use the lookup table to map a
particular amplitude of the wireless communication to a particular impedance of the
subterranean formation.

[0087] FIG. 9 is a flow chart showing still another example of a process for
downhole communications using selectable frequency bands. Any of the steps
shown in FIG. 9 can be included additionally or alternatively to any of the steps
shown in FIGs. 6-8. Some examples may not include all the steps shown in FIG. 9.
[0088] In block 902, the transceiver selects a frequency band to use to
wirelessly transmit data. The transceiver can select the frequency band using any of
the steps described above with respect to FIGs. 6-8.

[0089] In block 904, the transceiver selects another frequency band to use to
wirelessly transmit data. This frequency band can be different from the frequency
band selected in block 902. The transceiver can select the frequency band using
any of the steps described above with respect to FIGs. 6-8.

[0090] In block 906, the transceiver substantially simultaneously transmits

wireless signals (carrying the data) using both of the frequency bands (e.g., the



WO 2016/144343 PCT/US2015/019847
23

frequency bands selected in blocks 902 and 904). In some examples, the
transceiver can substantially simultaneously wirelessly transmit the signals if the
transceiver wirelessly transmits the signals within 1 second of each other.

[0091] In some aspects, systems and methods for downhole communications
using selectable frequency bands are provided according to one or more of the
following examples:

[0092] Example #1: A system that is positionable in a wellbore in a
subterranean formation can include a first transceiver that is positionable external to
a casing string in the wellbore for wirelessly transmitting data. The first transceiver
can wirelessly transmit the data via a signal within a frequency band that is selected
based on a fluid property of a fluid in the wellbore and a property of the subterranean
formation. The system can also include a second transceiver that is positionable
externally the casing string and operable to receive the signal.

[0093] Example #2: The system of Example #1 may feature the first
transceiver being operable to transmit the data via the signal and via another signal
within another frequency band substantially simultaneously.

[0094] Example #3: The system of any of Examples #1-2 may feature the fluid
including a combination of a wellbore servicing fluid and a formation fluid.

[0095] Example #4: The system of any of Examples #1-3 may feature the first
transceiver including a processing device and a memory device. The memory
device can store instructions executable by the processing device for causing the
processing device to: receive a sensor signal from a sensor; determine the fluid
property based on the sensor signal; determine the property of the subterranean
formation based on the sensor signal; and select the frequency band based on the
fluid property and the property of the subterranean formation by consulting a lookup
table stored in the memory device. The lookup table can include multiple fluid
properties and multiple subterranean formation properties mapped to multiple
frequency bands.

[0096] Example #5: The system of any of Examples #1-4 may feature the first
transceiver including a processing device and a memory device. The memory
device can store instructions executable by the processing device for causing the
processing device to: receive a wireless transmission from a sensor comprising a
communications device; detect a signal-to-noise ratio of the wireless transmission;

and determine the fluid property and the property of the subterranean formation
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based on the signal-to-noise ratio by consulting a lookup table stored in the memory
device. The lookup table can include multiple fluid properties and multiple formation
properties mapped to multiple signal-to-noise ratios.

[0097] Example #6: The system of any of Examples #1-5 may feature the first
transceiver including a memory device that includes preprogrammed fluid properties,
subterranean formation properties, and casing string properties. The first transceiver
can be operable to retrieve the fluid property, the property of the subterranean
formation, and a casing string property from the memory device for selecting the
frequency band.

[0098] Example #7: The system of any of Examples #1-6 may feature the fluid
property including a first conductivity of the fluid and the property of the subterranean
formation including a second conductivity of the subterranean formation.

[0099] Example #8: The system of any of Examples #1-7 may feature the first
transceiver including a processing device and a memory device. The memory
device can store instructions executable by the processing device for causing the
processing device to: receive a sensor signal from a sensor; determine a
conductivity or a geometry of the casing string based on the sensor signal; and
select the frequency band based on the conductivity or the geometry of the casing
string by consulting a lookup table stored in the memory device. The lookup table
can include multiple casing string properties mapped to multiple frequency bands.
[00100] Example #9: A communication system that is positionable in a wellbore
can include a first transceiver that is positionable external to a casing string in the
wellbore for wirelessly transmitting a signal. The signal can be in a frequency band
that is selected based on a fluid property of a fluid in the wellbore and a property of a
subterranean formation. The communication system can also include a second
transceiver that is positionable external to the casing string for receiving the signal,
extracting data from the signal, and relaying the data to a third transceiver using
another frequency band.

[00101] Example #10: The communication system of Example #9 may feature
the first transceiver being operable to transmit the signal in the frequency band and
in a different frequency substantially simultaneously.

[00102] Example #11: The communication system of any of Examples #9-10
may feature the fluid including a combination of a wellbore servicing fluid and a

formation fluid.
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[00103] Example #12: The communication system of any of Examples #9-11
may feature the first transceiver including a processing device and a memory device.
The memory device can store instructions executable by the processing device for
causing the processing device to: receive a sensor signal from a sensor; determine
the fluid property based on the sensor signal; determine the property of the
subterranean formation based on the sensor signal; and select the frequency band
based on the fluid property and the property of the subterranean formation by
consulting a lookup table stored in the memory device. The lookup table can include
multiple fluid properties and multiple subterranean formation properties mapped to
multiple frequency bands.

[00104] Example #13: The communication system of any of Examples #9-12
may feature the first transceiver including a processing device and a memory device.
The memory device can store instructions executable by the processing device for
causing the processing device to: receive a wireless transmission from a sensor
comprising a communications device; detect a signal-to-noise ratio of the wireless
transmission; and determine the fluid property and the property of the subterranean
formation based on the signal-to-noise ratio by consulting a lookup table stored in
the memory device. the lookup table can include multiple fluid properties and
multiple formation properties mapped to multiple signal-to-noise ratios.

[00105] Example #14: The communication system of any of Examples #9-13
may feature the first transceiver including a memory device that includes
preprogrammed fluid properties, subterranean formation properties, and casing
string properties, and wherein the first transceiver is operable to retrieve the fluid
property, the property of the subterranean formation, and a casing string property
from the memory device for selecting the frequency band.

[00106] Example #15: The communication system of any of Examples #9-14
may feature the fluid property including a first conductivity of the fluid and the
property of the subterranean formation including a second conductivity of the
subterranean formation.

[00107] Example #16: The communication system of any of Examples #9-15
may feature the first transceiver including a processing device and a memory device.
The memory device can store instructions executable by the processing device for
causing the processing device to: receive a sensor signal from a sensor; determine a

conductivity or a geometry of the casing string based on the sensor signal; and
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select the frequency band based on the conductivity or the geometry of the casing
string by consulting a lookup table stored in the memory device. The lookup table
can include multiple casing string properties mapped to multiple frequency bands.
[00108] Example #17: A method can include receiving, by a transceiver that is
external to a casing string, a sensor signal from a sensor operable to detect a fluid
property of a fluid in a wellbore and a property of a subterranean formation. The
method can also include determining the fluid property of the fluid based on the
sensor signal; and determining the property of the subterranean formation based on
the sensor signal. The method can further include selecting a frequency band based
on the fluid property and the property of the subterranean formation. The method
can also include wirelessly transmitting data via a signal within the frequency band.
[00109] Example #18: The method of Example #17 may feature selecting a
different frequency band; and wirelessly transmitting the data via another signal
within the different frequency band substantially simultaneously to wirelessly
transmitting the data via the signal in the frequency band.

[00110] Example #19: The method of any of Examples #17-18 may feature
receiving a wireless transmission from the sensor, the sensor comprising a
communications device. The method may also feature detecting a signal-to-noise
ratio of the wireless transmission. The method may further feature determining the
fluid property and the property of the subterranean formation based on the signal-to-
noise ratio by consulting a lookup table. The lookup table can include multiple
signal-to-noise ratios mapped to multiple fluid properties and multiple subterranean
formation properties.

[00111] Example #20: The method of any of Examples #17-19 may feature
determining a conductivity or a geometry of the casing string based on the sensor
signal. The method may also feature selecting the frequency band based on the
conductivity or the geometry of the casing string by consulting a lookup table. The
lookup table can include multiple casing string properties mapped to multiple
frequency bands.

[00112] The foregoing description of certain examples, including illustrated
examples, has been presented only for the purpose of illustration and description
and is not intended to be exhaustive or to limit the disclosure to the precise forms
disclosed. Numerous modifications, adaptations, and uses thereof will be apparent to

those skilled in the art without departing from the scope of the disclosure.
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Claims
What is claimed is:
1. A system that is positionable in a wellbore in a subterranean formation, the

system comprising:

a first transceiver that is positionable external to a casing string in the wellbore
for wirelessly transmitting data via a signal within a frequency band that is selected
based on a fluid property of a fluid in the wellbore and a property of the subterranean
formation; and

a second transceiver that is positionable externally the casing string and

operable to receive the signal.

2. The system of claim 1, wherein the first transceiver is operable to transmit the
data via the signal and via another signal within another frequency band substantially

simultaneously.

3. The system of claim 1, wherein the fluid comprises a combination of a

wellbore servicing fluid and a formation fluid.

4. The system of claim 1, wherein the first transceiver comprises:
a processing device; and
a memory device in which instructions executable by the processing device
are stored for causing the processing device to:
receive a sensor signal from a sensor;
determine the fluid property based on the sensor signal,
determine the property of the subterranean formation based on the
sensor signal; and
select the frequency band based on the fluid property and the property
of the subterranean formation by consulting a lookup table stored in the memory
device in which a plurality of fluid properties and a plurality of subterranean formation

properties are mapped to a plurality of frequency bands.

5. The system of claim 1, wherein the first transceiver comprises:

a processing device; and
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a memory device in which instructions executable by the processing device

are stored for causing the processing device to:

receive a wireless transmission from a sensor comprising a
communications device;

detect a signal-to-noise ratio of the wireless transmission; and

determine the fluid property and the property of the subterranean
formation based on the signal-to-noise ratio by consulting a lookup table stored in
the memory device in which a plurality of fluid properties and a plurality of

subterranean formation properties are mapped to a plurality of signal-to-noise ratios.

6. The system of claim 1, wherein the first transceiver comprises a memory
device that includes preprogrammed fluid properties, subterranean formation
properties, and casing string properties, and wherein the first transceiver is operable
to retrieve the fluid property, the property of the subterranean formation, and a
casing string property from the memory device for selecting the frequency band.

7. The system of claim 1, wherein the fluid property comprises a first conductivity
of the fluid and the property of the subterranean formation comprises a second

conductivity of the subterranean formation.

8. The system of claim 1, wherein the first transceiver comprises:
a processing device; and
a memory device in which instructions executable by the processing device
are stored for causing the processing device to:
receive a sensor signal from a sensor;
determine a conductivity or a geometry of the casing string based on
the sensor signal; and
select the frequency band based on the conductivity or the geometry of
the casing string by consulting a lookup table stored in the memory device in which a
plurality of casing string properties are mapped to a plurality of frequency bands.

9. A communication system that is positionable in a wellbore, the communication

system comprising:
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a first transceiver that is positionable external to a casing string in the wellbore
for wirelessly transmitting a signal in a frequency band that is selected based on a
fluid property of a fluid in the wellbore and a property of a subterranean formation;
and

a second transceiver that is positionable external to the casing string for
receiving the signal, extracting data from the signal, and relaying the data to a third

transceiver using another frequency band.

10. The communication system of claim 9, wherein the first transceiver is
operable to transmit the signal in the frequency band and in a different frequency

substantially simultaneously.

11.  The communication system of claim 9, wherein the fluid comprises a

combination of a wellbore servicing fluid and a formation fluid.

12. The communication system of claim 9, wherein the first transceiver
comprises:
a processing device; and
a memory device in which instructions executable by the processing device
are stored for causing the processing device to:
receive a sensor signal from a sensor;
determine the fluid property based on the sensor signal,
determine the property of the subterranean formation based on the
sensor signal; and
select the frequency band based on the fluid property and the property
of the subterranean formation by consulting a lookup table stored in the memory
device in which a plurality of fluid properties and a plurality of subterranean formation

properties are mapped to a plurality of frequency bands.

13.  The communication system of claim 9, wherein the first transceiver
comprises:

a processing device; and

a memory device in which instructions executable by the processing device

are stored for causing the processing device to:
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receive a wireless transmission from a sensor comprising a
communications device;

detect a signal-to-noise ratio of the wireless transmission; and

determine the fluid property and the property of the subterranean
formation based on the signal-to-noise ratio by consulting a lookup table stored in
the memory device in which a plurality of fluid properties and a plurality of

subterranean formation properties are mapped to a plurality of signal-to-noise ratios.

14.  The communication system of claim 9, wherein the first transceiver comprises
a memory device that includes preprogrammed fluid properties, subterranean
formation properties, and casing string properties, and wherein the first transceiver is
operable to retrieve the fluid property, the property of the subterranean formation,
and a casing string property from the memory device for selecting the frequency
band.

15. The communication system of claim 9, wherein the fluid property comprises a
first conductivity of the fluid and the property of the subterranean formation

comprises a second conductivity of the subterranean formation.

16. The communication system of claim 9, wherein the first transceiver
comprises:
a processing device; and
a memory device in which instructions executable by the processing device
are stored for causing the processing device to:
receive a sensor signal from a sensor;
determine a conductivity or a geometry of the casing string based on
the sensor signal; and
select the frequency band based on the conductivity or the geometry of
the casing string by consulting a lookup table stored in the memory device in which a
plurality of casing string properties are mapped to a plurality of frequency bands.



WO 2016/144343 PCT/US2015/019847
31

17. A method comprising:

receiving, by a transceiver that is external to a casing string, a sensor signal
from a sensor operable to detect a fluid property of a fluid in a wellbore and a
property of a subterranean formation;

determining the fluid property of the fluid based on the sensor signal,

determining the property of the subterranean formation based on the sensor
signal;

selecting a frequency band based on the fluid property and the property of the
subterranean formation; and

wirelessly transmitting data via a signal within the frequency band.

18.  The method of claim 17, further comprising:

selecting a different frequency band; and

wirelessly transmitting the data via another signal within the different
frequency band substantially simultaneously to wirelessly transmitting the data via

the signal in the frequency band.

19.  The method of claim 17, further comprising:

receiving a wireless transmission from the sensor, the sensor comprising a
communications device;

detecting a signal-to-noise ratio of the wireless transmission; and

determining the fluid property and the property of the subterranean formation
based on the signal-to-noise ratio by consulting a lookup table in which a plurality of
signal-to-noise ratios are mapped to a plurality of fluid properties and a plurality of

subterranean formation properties.

20. The method of claim 17, further comprising:

determining a conductivity or a geometry of the casing string based on the
sensor signal; and

selecting the frequency band based on the conductivity or the geometry of the
casing string by consulting a lookup table in which a plurality of casing string

properties are mapped to a plurality of frequency bands.



WO 2016/144343 PCT/US2015/019847




WO 2016/144343

;

48

AMPLITUDE

2/8

PCT/US2015/019847

AR a3 4 A8
2 zi‘}“ &y

s o S R
FREQUENCY iz
By

FIG. 2



PCT/US2015/019847

3/8

WO 2016/144343

&
e W.f
; ”mm‘“w&g@wm.ﬁ
RN

\
Vﬂmﬁ
[ saas”

N
W
e S S N S S S S S S S SS sy
N?y%WQSﬁA;GWw:xgﬂdwﬁkﬁﬁﬁﬁéue‘ O R

FIG. 3



WO 2016/144343 PCT/US2015/019847

4/8

.
.
el

A, i

COMPUTING DRVICE

PROCESSOR e . BU

(o]

PREPROGRAMMED DATA

L@’E& 2
/i /3%13
i FRECUENCY BAND SELECTOR MODULE
CONTROL A
SR N TR R
WODULE FREQUENCY BANDS
& F: &
418 § 4§77

"
<5
=
2
<4
o
e
5

AR
AT Pu‘ ¥

D@‘{Jt N

o
yri
52
&
3
&
¥




PCT/US2015/019847

WO 2016/144343

PN f/ 5 w
MR ~aw.¥$v.<av.’.‘ L A
) - - > o A «
te T [ o Ty P fw'u“;u e c”u(;e ae.\ev\

SELeeeeLLLRLECL L LR LA RAR AT AR A AR

I R R R P Ly LA o

ey S
I AN

, . .,..
\\\ \ H \ Wufmnﬂ.n L

5/

oSS

= ,
< s QN Y iy

FIG. 5



WO 2016/144343

PCT/US2015/019847

6/8

“ﬁ
RECENVE A SENSOR SIGNAL o

DETERMINE APROPERTY OF A FLUID BASED ONTHE SENSORSIGNAL -804

k3

DETERMINE APROFERTY OF A SUBTERRANEAN FORMATION BASED
ON THE SENGOR SIGNAL

<E
&
37

¥

DETERMINE A

PROPERTY OF A CASH \b TRING BASED ONTHE -G08

SENSOR SIGNA

DETERVING A DISTANCE BETWEEN TWG TRANSCEVERS 810

¥

PROPERTY OF 1

""H,

SELECT AFREGUENCY BAND BASED ON THEPR ‘*ZCRW QF THE
FLUKD, THE F‘R\;PE TY OF THE SUBTERRANEAN FORN ,
{ %Sl?‘%% STRING, THE OIS T&NQZ E"W&‘EE%
PG T"’"\H?‘g

=

:23

/ERS, ORANY COMBINATION OF THESE

¥

WIRELESSLY TRANGMIT

ASIGNAL USING THE SELECTED FREQUENDY | _~6H

BAND

FIG. 6



WO 2016/144343 PCT/US2015/019847

CONSULT ALDORUF TABLE THAT MARS SENSOR SIGNALDATATO | _—~702
FLUID PROPERTIES

¥

CONGULT ALOOGRUP TABLE THAT MAPS SENSOR SIGNALDATATO | 704
SUBT E??h&:ﬁ& FORMATION PROPERTEE

¥

CONSULT ALOGKUR TABLE THAT MAPS SENSOR SIGNALDATATO | -708
CASING STRING FROPERTEES

¥

CONSULT ALOOKUP TABLE THAT MAPS HLUID PROPERTIES,
WE*ERR%;:QE\ FORMATION PROPERTIES, CASING STRING | 708
PROPERTIES, OR ANY COMBINATION OF THESE TO FREQUENOY

HANDS

FIG. 7

'}

BECENE A WRELESS TRANSHISSION FROMASENSOR. b8

DETERVINE ACHARACTERISTIC OF THE WIRELESS TRANSMISSION -804

¥

DETERMINE APROPERTY OF AFLUID BASED QN THE 808
RACTERISTIC (2.9, USING A LODKUP TABLE]

¥

DETERMINE APROPERTY OF ASUBTERRANEAN FORMATION BAGED | 808
N THE CHARACTERISTIC {e.g. USING ALOOKUP TABLE}

FIG. 8



WO 2016/144343

gig

PCT/US2015/019847

SELECT AFREQUENCY BAND T0 USE TO WIRELESSLY TRANGMT ~ 42
DATA
R 2
SELECT ANCTHER FREQUENCY BAND TO USE TO WIRELESSLY 304
TRANSMIT THE DATA
¥
SUBSTANTIALLY SIMUUTAREQUSLY TRANGMIT WIRELESS SIGRALS 508
USING BOTH rRtQLE?\iCY 3, NDS




International application No.

A A AR
INTERNATIONAL SEARCH REPORT PCT/US2015/019847

A. CLASSIFICATION OF SUBJECT MATTER
E21B 47/12(2006.01)i, E21B 47/13(2012.01)i, E21B 47/06(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC
B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
E21B 47/12; GO1V 3/00; GOIN 21/47;, E21B 47/14;, GO1V 1/40; E21B 47/13; E21B 47/06

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: casing string, transceiver, select, frequency band, property

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 2008-0030365 A1 (FRIPP et al.) 07 February 2008 1-20
See paragraphs [0001], [0005]-[0010], [0019]-[0027]; and figures 1-2.

Y US 2010-0194586 A1 (TJHANG et al.) 05 August 2010 1-20
See paragraphs [0002], [0011]-[0023], [0038]-[0047], [0055]-10056],
[0072]-[0073]; and figures 1-3, 7.

A US 2010-0177596 A1 (FINK et al.) 15 July 2010 1-20
See paragraphs [0001]-[0019], [0022]-[0028]; and figure 1.

A US 2012-0013893 A1 (MAIDA et al.) 19 January 2012 1-20
See paragraphs [0001], [0004]-[0010], [0019]-[0064]; and figures 1-2.

A WO 2011-019351 A1 (HALLIBURTON ENERGY SERVICES, INC.) 17 February 2011 1-20
See paragraphs [0014]-[0019]; and figure 1.

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:

"A" document defining the general state of the art which is not considered
to be of particular relevance

carlier application or patent but published on or after the international
filing date

document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

document referring to an oral disclosure, use, exhibition or other
means

document published prior to the international filing date but later
than the priority date claimed

i

K

nQr

npr

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art

document member of the same patent family

'

myn

ng"

Date of the actual completion of the international search
13 October 2015 (13.10.2015)

Date of mailing of the international search report

14 October 2015 (14.10.2015)

Name and mailing address of the [SA/KR
International Application Division
¢ Korean Intellectual Property Office
189 Cheongsa-10, Seo-gu, Daejeon Metropolitan City, 35208,
Republic of Korea

Facsimile No, +82-42-472-7140

Authorized officer (,\\\\x\\'\\\.\\\\

LEE, Jong Kyung

Telephone No. +82-42-481-3360

Form PCT/ISA/210 (second sheet) (January 2015)



INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2015/019847

Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2008-0030365 Al 07/02/2008 EP 1887181 Al 13/02/2008
NO 20073825 A 25/01/2008

US 2010-0194586 Al 05/08/2010 CA 2751552 Al 12/08/2010
CN 102369461 A 07/03/2012
GB 2482614 A 08/02/2012
GB 2482614 B 09/10/2013
NO 20111196 A 30/09/2011
RU 2011-136721 A 10/03/2013
RU 2529595 C2 27/09/2014
US 8362916 B2 29/01/2013
WO 2010-089657 Al 12/08/2010

US 2010-0177596 Al 15/07/2010 None

US 2012-0013893 Al 19/01/2012 AU 2011-281359 Al 21/02/2013
AU 2011-281359 B2 03/04/2014
CA 2805326 Al 26/01/2012
CO 6630152 A2 01/03/2013
EP 2596209 A2 29/05/2013
EP 2596209 Bl 24/06/2015
MX 2013000610 A 28/06/2013
RU 2013-107010 A 27/08/2014
US 2014-022537 Al 23/01/2014
US 8584519 B2 19/11/2013
US 9003874 B2 14/04/2015
WO 2012-010821 A2 26/01/2012
WO 2012-010821 A3 21/02/2013

WO 2011-019351 Al 17/02/2011 AU 2009-351112 Al 09/02/2012
AU 2009-351112 B2 31/07/2014
EP 2464823 Al 20/06/2012
SG 178269 Al 29/03/2012
US 2011-0164468 Al 07/07/2011

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - wo-search-report
	Page 42 - wo-search-report

