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WELLBORE TELEMETRY AND NOISE 
CANCELLATION SYSTEMS AND METHOD 

FOR THE SAME 

RELATED APPLICATION 

[0001] This application is a divisional of US. patent appli 
cation Ser. No. 11/614,444, ?led on Dec. 21, 2006. 

FIELD OF THE DISCLOSURE 

[0002] The present disclosure relates to telemetry systems 
and methods for use in Wellbore operations. More particu 
larly, the present disclosure relates to noise cancellation sys 
tems and methods for use With Wellbore telemetry systems. 

BACKGROUND 

[0003] Wellbores may be drilled to locate and produce 
hydrocarbons. Typically, a Wellbore is formed by advancing a 
doWnhole drilling tool having a drill bit at one end into the 
ground. As the drilling tool is advanced, drilling mud is 
pumped from a surface mud pit through a passage orpassages 
in the drilling tool and out the drill bit. The mud exiting the 
drill bit ?oWs back to the surface to be returned to the mud pit 
and may be re-circulated through the drilling tool. In this 
manner, the drilling mud cools the drilling tool, carries cut 
tings and other debris aWay from the drilling tool, and depos 
its the cuttings and other debris in the mud pit. As is knoWn, 
in addition to the cooling and cleaning operations performed 
by the mud pumped into the Wellbore, the mud forms a 
mudcake that lines the Wellbore Which, among other func 
tions, reduces friction betWeen the drill string and subterra 
nean formations. 

[0004] During drilling operations (i.e., advancement of the 
doWnhole drilling tool), communications betWeen the doWn 
hole drilling tool and a surface-based processing unit and/or 
other surface devices may be performed using a telemetry 
system. In general, such telemetry systems enable the con 
veyance of poWer, data, commands, and/ or any other signals 
or information betWeen the doWnhole drilling tool and the 
surface devices. Thus, the telemetry systems enable, for 
example, data related to the conditions of the Wellbore and/or 
the doWnhole drilling tool to be conveyed to the surface 
devices for further processing, display, etc. and also enable 
the operations of the doWnhole drilling tool to be controlled 
via commands and/or other information sent from the surface 
device(s) to the doWnhole drilling tool. 
[0005] One knoWn Wellbore telemetry system 100 is 
depicted in FIG. 1. A more detailed description of such a 
knoWn system is found in US. Pat. No. 5,517,464, Which is 
incorporated by reference herein in its entirety. With refer 
ence to FIG. 1, a drilling rig 10 includes a drive mechanism 12 
to provide a driving torque to a drill string 14. The loWer end 
of the drill string 14 extends into a Wellbore 30 and carries a 
drill bit 16 to drill an underground formation 18. During 
drilling operations, drilling mud 20 is draWn from a mud pit 
22 on a surface 29 via one or more pumps 24 (e.g., recipro 
cating pumps). The drilling mud 20 is circulated through a 
mud line 26 doWn through the drill string 14, through the drill 
bit 16, and back to the surface 29 via an annulus 28 betWeen 
the drill string 14 and the Wall of the Wellbore 30. Upon 
reaching the surface 29, the drilling mud 20 is discharged 
through a line 32 into the mud pit 22 so that rock and/ or other 
Well debris carried in the mud can settle to the bottom of the 
mud pit 22 before the drilling mud 20 is recirculated. 
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[0006] As shoWn in FIG. 1, a doWnhole measurement While 
drilling (MWD) tool 34 is incorporated in the drill string 14 
near the drill bit 16 for the acquisition and transmission of 
doWnhole data or information. The MWD tool 34 includes an 
electronic sensor package 36 and a mud pulse or mud?oW 
Wellbore telemetry device 38. The mud?oW telemetry device 
38 can selectively block or partially block the passage of the 
mud 20 through the drill string 14 to cause pressure changes 
in the mud line 26. In other Words, the Wellbore telemetry 
device 38 can be used to modulate the pressure in the mud 20 
to transmit data from the sensor package 36 to the surface 29. 
Modulated changes in pressure are detected by a pressure 
transducer 40 and a pump piston sensor 42, both of Which are 
coupled to a processor (not shoWn). The processor interprets 
the modulated changes in pressure to reconstruct the data 
collected and sent by the sensor package 36. The modulation 
and demodulation of a pressure Wave are described in detail in 
commonly assigned US. Pat. No. 5,375,098, Which is incor 
porated by reference herein in its entirety. 
[0007] In addition to the knoWn mud pulse telemetry sys 
tem 100 depicted in FIG. 1, other Wellbore telemetry systems 
may be used to establish communication betWeen a doWnhole 
tool and a surface unit. Examples of knoWn telemetry systems 
include a Wired drill pipe Wellbore telemetry system as 
described in US. Pat. No. 6,641,434, an electromagnetic 
Wellbore telemetry system as described in US. Pat. No. 
5,624,051, an acoustic Wellbore telemetry system as 
described in published PCT Patent Application No. 
WO2004085796, all of Which are hereby incorporated by 
reference herein in their entireties. Further examples using 
data conveyance or communication devices (e.g., transceiv 
ers coupled to transducers or sensors) have also been used to 
convey poWer and/or data betWeen a doWnhole tool and a 
surface unit. 

[0008] Despite the development and advancement of Well 
bore telemetry devices in Wellbore operations, there remains 
a need for additional reliability and Wellbore telemetry capa 
bilities for Wellbore operations. As With other many other 
Wellbore devices, Wellbore telemetry devices sometimes fail. 
Additionally, the poWer provided by many knoWn Wellbore 
telemetry devices may be insu?icient to poWer desired Well 
bore operations. Attempts have been made to use tWo differ 
ent types of mud pulse telemetry devices in a doWnhole tool. 
In particular, each of the different mud pulse telemetry 
devices is typically positioned in the doWnhole tool and com 
municatively linked to a different, respective surface unit. 
Such Wellbore telemetry tools have been run simultaneously 
and non-simultaneously and at different frequencies. 
Attempts have also been made to develop dual channel doWn 
hole Wellbore telemetry for transmitting data streams via 
communication channels to be interpreted independently as 
described in US. Pat. No. 6,909,667. 

SUMMARY 

[0009] In accordance With one disclosed example, a 
method of signal processing that includes providing at least a 
?rst pressure sensor and a second pressure sensor spaced in a 
drilling system and using an algorithm to separate the doWn 
Wardly propagating Waves from the upWardly propagating 
Waves. In one or more examples, an algorithm may include 

determining a velocity of pressure signals in a Wellbore, time 
shifting and stacking pressure signals from at least the ?rst 
pressure sensor and the second pressure sensor to determine a 



US 2012/0013481A1 

downwardly propagating noise signal, and subtracting the 
downwardly propagating noise signal from at least the signal 
from the ?rst pressure sensor. 
[0010] In accordance with another disclosed example, a 
wellbore communication system that includes a plurality of 
pressure sensors spaced within a drilling system along a drill 
ing ?uid ?ow path and communicatively coupled to a surface 
system and a mud pulse telemetry system positioned within a 
downhole tool. 
[0011] In accordance with another disclosed example, a 
method for wellbore communications that includes obtaining 
a ?rst corrected pressure signal and a downwardly propagat 
ing noise signal from at least a ?rst pressure sensor, comput 
ing a cross-correlation function between the ?rst corrected 
pressure signal and the downwardly propagating noise signal 
for at least the ?rst pressure sensor, computing the standard 
deviation of the downwardly propagating noise signal, com 
puting a re?ection coef?cient for the downwardly propagat 
ing noise signal, computing the re?ected, upwardly propagat 
ing noise signal, and subtracting the upwardly propagating 
noise signal from the ?rst corrected pressure signal. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 is a schematic view, partially in cross-sec 
tion, of a known measurement while drilling tool and well 
bore telemetry device connected to a drill string and deployed 
from a rig into a wellbore. 
[0013] FIG. 2 is a schematic view, partially in cross-sec 
tion, of an example telemetry system including a downhole 
tool having multiple mud pulse telemetry devices. 
[0014] FIG. 3 is a schematic view, partially in cross-sec 
tion, of another example telemetry system including a down 
hole tool having a wired drill pipe wellbore telemetry device. 
[0015] FIG. 4 is a schematic view, partially in cross-sec 
tion, of a yet another example telemetry system including a 
downhole tool having a mud pulse telemetry device and an 
electromagnetic wellbore telemetry device. 
[0016] FIG. 5 is a schematic view, partially in cross-sec 
tion, of still another example telemetry system including a 
downhole tool having multiple downhole components and 
multiple wellbore telemetry devices. 
[0017] FIG. 6 is a schematic view of an example drill string 
telemetry system including an array of pressure transducers 
to separate downwardly propagating rig noise from upwardly 
propagating measurement while drilling signals. 
[0018] FIG. 7 is a cross-sectional view of an example sub 
that may be used to implement the pressure transducers in the 
example drill string telemetry system of FIG. 6. 
[0019] FIG. 8 depicts an example manner in which the 
example drill string telemetry system of FIG. 6 may be used 
to detect downwardly propagating noise. 
[0020] FIG. 9 depicts an example manner in which the 
example drill string telemetry system of FIG. 6 may be used 
to correct upwardly propagating measurement while drilling 
signals based on downwardly propagating noise signals. 
[0021] FIG. 10 is a ?ow chart describing the process for 
correcting the pressure transducer signals for downwardly 
propagating mud pump noise. 
[0022] FIG. 11 depicts the re?ection of downwardly propa 
gating noise is re?ected from a change in the interior cross 
sectional area of drill pipe, resulting in upwardly propagating 
noise. 
[0023] FIG. 12 is a ?ow chart describing the process for 
correcting the pressure transducer signals for upwardly 
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propagating mud pump noise that has been re?ected by an 
obstacle in the drill string below the pressure transducer. 
[0024] FIG. 13 is a representation of a two-dimensional 
data set in frequency-wavenumber space depicting the two 
dimensional Fourier transform of data obtained in depth and 
time. 
[0025] FIG. 14 is a cross-sectional view of another example 
manner in which one or more pressure transducers may be 
disposed within a drill string. 

DETAILED DESCRIPTION 

[0026] Despite advancements in wellbore telemetry sys 
tems, there remains a need to provide wellbore telemetry 
systems capable of providing added reliability, increased 
speed or bandwidth, and increased power capabilities. As set 
forth in the detailed description below, one or more example 
methods and apparatus may enable telemetry systems to 
operate at one or more desired frequencies and provide 
increased bandwidth. Additionally, one or more example 
methods and apparatus described below may enable a plural 
ity of different wellbore telemetry devices to be combined 
with a variety of one or more downhole components, such as 
formation evaluation tools, to provide ?exibility in perform 
ing wellbore operations. Still further, one or more example 
methods and apparatus described below may provide backup 
wellbore telemetry capability, enable the operation of mul 
tiple identical or substantially similar wellbore telemetry 
tools, enable the generation of comparative wellbore mea 
surements, enable the activation of multiple wellbore telem 
etry tools, increase the available bandwidth and/ or data trans 
mission rates for communications between one or more 
downhole tools and one or more surface units, and enable 
adaptation of the wellbore telemetry tools to different and/or 
varying wellbore conditions. 
[0027] One or more example methods and apparatus 
described below may also utiliZe drill string telemetry sys 
tems and methods that enable the signal-to-noise ratios asso 
ciated with measurement while drilling signals to be 
increased. In particular, as described in detail below, one or 
more pressure sensors or transducers (e.g., an array of pres 
sure transducers) may be disposed (e.g., spaced apart based 
on a wavelength of a MWD signal) in a portion of a drill string 
that is composed of wired drill pipe. Pressure signal data 
collected via the pressure transducers may then be used in 
conjunction with one or more signal processing techniques to 
separate, suppress and/ or cancel downwardly propagating rig 
noise (e.g., mud pump generated noise) from upwardly 
propagating MWD signals (e.g., from a MWD pulser), 
thereby increasing the signal-to-noise ratio of the MWD sig 
nals. In addition, upwardly propagating noise that results 
from the re?ection of downwardly propagating noise can also 
be separated and removed from the MWD signals. 
[0028] Certain examples are shown in the above-identi?ed 
?gures and described in detail below. In describing these 
examples, like or identical reference numbers are used to 
identify common or similar elements. The ?gures are not 
necessarily to scale and certain features and certain views of 
the ?gures may be shown exaggerated in scale or in schematic 
for clarity and/or conciseness. 
[0029] Referring now to FIG. 2, a mud pulse wellbore 
telemetry system 200 having multiple telemetry devices is 
shown. In contrast to the known system 100 of FIG. 1, the 
example wellbore telemetry system 200 includes two MWD 
tools 234a and 234b, two mud pulse telemetry devices 238a 



US 2012/0013481A1 

and 238b, tWo transducers 240a and 240b, and tWo sensors 
242a and 2421). Additionally, the MWD tools 234a and 2381) 
may communicate With a single surface computer or unit 202 
via the mud pulse telemetry devices 238a and 23819. As can be 
seen in the example system 200 of FIG. 2, the mud pulse 
telemetry devices 238a and 23819 are identical or substantially 
identical, the MWD tools 234a and 23819 are identical or 
substantially identical, and the devices 238a and 23819 and the 
tools 234a and 23819 are positioned Within a single doWnhole 
tool 201 (i.e., the same doWnhole tool). 
[0030] The surface unit or computer 202 may be imple 
mented using any desired combination of hardWare and/or 
softWare. For example, a personal computer platform, Work 
station platform, etc. may store on a computer readable 
medium (e.g., a magnetic or optical hard disk, random access 
memory, etc.) and execute one or more softWare routines, 
programs, machine readable code or instructions, etc. to per 
form the operations described herein. Additionally or alter 
natively, the surface unit or computer 202 may use dedicated 
hardWare or logic such as, for example, application speci?c 
integrated circuits, con?gured programmable logic control 
lers, discrete logic, analog circuitry, passive electrical com 
ponents, etc. to perform the functions or operations described 
herein. 

[0031] Still further, While the surface unit 202 is depicted in 
the example of FIG. 2 as being relatively proximate to the 
drilling rig 10, some part of or the entire surface unit 202 may 
alternatively be located relatively remotely from the rig 10. 
For example, the surface unit 202 may be operationally and/or 
communicatively coupled to the Wellbore telemetry system 
200 via any combination of one or more Wireless or hardWired 

communication links (not shoWn). Such communication 
links may include communications via a packet sWitched 
netWork (e. g., the Internet), hardWired telephone lines, cellu 
lar communication links and/or other radio frequency based 
communication links, etc. using any desired communication 
protocol. 
[0032] Returning in detail to FIG. 2, the MWD tools 234a 
and 2381) may be implemented using the same device(s) used 
to implement the MWD tool 34 of FIG. 1. Similarly, the mud 
pulse telemetry devices 238a and 2381) may be implemented 
using the same device(s) used to implement the mud pulse 
telemetry device 38 of FIG. 1. An example of a mud pulse 
telemetry device that may be used or otherWise adapted to 
implement the devices 38, 23811, and 23819 is described in US. 
Pat. No. 5,517,464, Which has previously been incorporated 
by reference. 
[0033] In operation, the example Wellbore telemetry sys 
tem 200 of FIG. 2 uses the mud pulse telemetry devices 238a 
and 23819 to generate signals (e.g., modulated pressure sig 
nals) in the mud 20 ?oWing in the annulus 28 of the Wellbore 
30. These generated signals (e.g., modulated or varying pres 
sure signals) may be sensed by one or more of the pressure 
transducers 240a and 2401) and/or the pressure sensors 242a 
and 24219 and analyZed by the surface unit 202 to extract or 
otherWise obtain data or other information relating to the 
operational condition(s) of the doWnhole tool 201 (e.g., one 
or both of the MWD tools 234a and 23819), conditions in 
Wellbore 30, and/ or any other desired doWnhole information. 
In this manner, communications may be established betWeen 
the doWnhole tool 201 and, thus, betWeen the MWD tools 
234a and 234b, and the surface unit 202. More generally, such 
communications betWeen the doWnhole tool 201 and the sur 
face unit 202 may be established using uplink and/ or doWn 
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link systems. Further, While mud pulse telemetry devices 
238a and 23819 are described in connection With the example 
telemetry system 200 of FIG. 2, other types of Wellbore 
telemetry devices may be employed instead of or in addition 
to the mud pulse telemetry devices 238a and 23819. For 
example, one or more mud sirens, positive pulse mud ?oW 
telemetry devices, and/ or negative pulse mud ?oW telemetry 
devices may be used. 
[0034] In general, the example Wellbore telemetry systems 
described herein may use telemetry devices arranged or posi 
tioned in various con?gurations relative to the doWnhole tool. 
In the example of FIG. 2, one or both of the telemetry devices 
238a and 2381) may be operatively or communicatively 
coupled to the same (i.e., a single) MWD tool (e.g., the tool 
23411 or the tool 2381)). Alternatively, each of the telemetry 
devices 238a and 2381) may be operatively or communica 
tively coupled to different respective tools. For example, the 
telemetry device 238a may be communicatively or opera 
tively coupled to the MWD tool 234a and the telemetry 
device 2381) may be communicatively or operatively coupled 
to the MWD tool 234b, as depicted in FIG. 2. As described in 
greater detail beloW, one or both of the telemetry devices 238a 
and 2381) may be communicatively or operatively coupled to 
one or more additional doWnhole components. 

[0035] Turning again to the operation of the example sys 
tem 200 of FIG. 2, the mud pulse telemetry devices 238a and 
2381) may send uplink signals (e.g., varying or modulated 
pressure signals to be conveyed up along through the drill 
string 14 to the surface 29) by altering the How of mud 
through the telemetry devices 238a and 2381). Such uplink 
signals (e. g., varying or modulated pressure signals) are 
sensed or detected by the pressure transducers 240a and 2401) 
and/or the pressure sensors 242a and 24219. In particular, the 
uplink signals generated by the telemetry device 238a may be 
detected or sensed by the transducer 240a and/ or the pressure 
sensor 242a. Similarly, the uplink signals generated by the 
telemetry device 2381) may be detected or sensed by the 
transducer 240!) and/or the pressure sensor 24219. The pres 
sure transducers 240a and 2401) may be implemented using 
devices identical or similar to that used to implement the 
pressure transducer 40 of FIG. 1, and the sensors 242a and 
2421) may be implemented using devices identical or similar 
to that used to implement the sensor 42 of FIG. 1. 

[0036] FIG. 3 is a schematic vieW, partially in cross-sec 
tion, of another example telemetry system 300 including a 
doWnhole tool 301 having a Wired drill pipe Wellbore telem 
etry system or device 348. In contrast to the knoWn mud pulse 
telemetry system 100 depicted in FIG. 1, the example telem 
etry system 300 utiliZes a mud pulse telemetry device 338 that 
is housed in a MWD tool 334 and includes the Wired drill pipe 
telemetry system 348. 
[0037] As shoWn in FIG. 3, the MWD tool 334 and the mud 
pulse telemetry device 338 may be positioned in the doWn 
hole tool 301. The MWD tool 334 may be implemented using 
a device that is similar or identical to that used to implement 
the MWD tool 34 ofthe FIG. 1 and/or the MWD tools 234a 
and 23819 of FIG. 2. Similarly, the mud pulse telemetry device 
338 may be implemented using a device that is similar or 
identical to that used to implement the mud pulse telemetry 
device 38 of FIG. 1 and/or the mud pulse telemetry devices 
238a and 23819 of FIG. 2. Additionally, the surface unit or 
computer 302 may be implemented in a manner similar to the 
surface unit or computer 202 described in connection With 
FIG. 2. Thus, the surface unit 302 may be operatively or 
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communicatively coupled to the MWD tool 334 via the mud 
pulse telemetry device 338 and/or may be operatively or 
communicatively coupled to the Wired drill pipe telemetry 
system 348 via one or more communication links (not 
shoWn). As With the example system 200 of FIG. 2, the 
surface unit or computer 302 may be proximate the drilling 
rig 10 or, alternatively, some or all of the surface unit or 
computer 302 may be remotely located relative to the drilling 
rig 10. 
[0038] Turning in detail to the Wired drill pipe Wellbore 
telemetry system 348, it can be seen in the example of FIG. 3 
that the system 348 extends substantially entirely through the 
drill string 14. An example of a Wired drill pipe Wellbore 
telemetry system that may be used to implement the system 
348 is described in US. Pat. No. 6,641,434, Which has been 
previously incorporated by reference herein. As depicted in 
FIG. 3, the Wired drill pipe Wellbore telemetry system 348 
includes a plurality or series of Wires 352 positioned in each 
drill pipe 350 that forms or composes the drill string 14. A 
coupler 354 is positioned at the end of each of the drill pipes 
350 so that When the pipes 350 are connected, joined, or 
otherWise coupled, the drill string 14 provides a hardWired 
communication link extending through the drill string 14. 
While the Wired drill pipe telemetry system 348 is depicted in 
FIG. 3 as extending substantially entirely through the drill 
string 14 to the MWD tool 334, the Wired drill pipe telemetry 
system 348 may instead extend only partially through the drill 
string 14. 
[0039] During operation, either or both of the mud pulse 
telemetry device 338 and the Wired drill pipe system 348 may 
be used to enable communications betWeen the doWnhole tool 
301 (e.g., the MWD tool 334) and the surface unit 302. 
Depending on the particular operational mode of the rig 10 
and/ or doWnhole or other environmental conditions, the 
device 338 or the system 348 may be best suited to convey 
data to the surface unit 3 02. Alternatively or additionally, both 
the device 338 and the system 348 may be used to convey 
information betWeen the surface unit 302 and the doWnhole 
tool 301 at the same time. In such a case, the conveyed 
information may concern the same doWnhole parameter(s) or 

condition(s) or different parameter(s) or condition(s). 
[0040] FIG. 4 is a schematic vieW, partially in cross-sec 
tion, of a yet another example telemetry system 400 including 
a doWnhole tool 401 having a mud pulse telemetry device 438 
and an electromagnetic Wellbore telemetry device 448. Simi 
lar to the systems 200 and 300 depicted in FIGS. 2 and 3, 
respectively, the system 400 includes a surface unit or com 
puter 402 that can communicate With the doWnhole tool 401 
and/ or other doWnhole components and analyZe information 
obtained therefrom. In this manner, the surface unit 402 may 
be operationally or otherWise coupled to a MWD tool 434 via, 
for example, the mud pulse telemetry device 438. Still further, 
as With the other systems 200 and 300, the surface unit 402 
may be proximate the drilling rig 10 as shoWn, or some or all 
of the surface unit 402 may be remotely located relative to the 
drilling rig 10 and communicatively coupled via, for 
example, any desired combination of Wireless and hardWired 
communication links to the system 400. 

[0041] The mud pulse telemetry device 438 is position in 
the doWnhole tool 401 and may be implemented using the 
same device or a device similar to the device used to imple 
ment the device 38 of FIG. 1, the devices 238a and 23819 of 
FIG. 2, and/or the device 338 ofFlG. 3. Also, the MWD tool 
434 is positioned in the doWnhole tool 401 and may be imple 

Jan. 19, 2012 

mented using the same device or a device similar to the device 
used to implement the device(s) used to implement the tools 
234a and 23819 of FIG. 2, and/or 334 of FIG. 3. 
[0042] The electromagnetic Wellbore telemetry system 448 
includes a doWnhole transceiver 454 and a surface transceiver 
452. An example of an electromagnetic Wellbore telemetry 
system that may be used to implement the system 448 of FIG. 
4 is described in US. Pat. No. 5,624,051, previously incor 
porated by reference herein. As depicted in the example of 
FIG. 4, the electromagnetic Wellbore telemetry system 448 is 
also provided With a gap collar 450, Which is position in the 
doWnhole tool 401 to enhance the electromagnetic signals 
conveyed betWeen the transceivers 452 and 454. An example 
of a gap collar that may be used to implement the collar 450 
is described in US. Pat. No. 5,396,232. 
[0043] While the example systems depicted in FIGS. 2-4 
include certain combinations of mud pulse telemetry, Wired 
drill pipe telemetry, and electromagnetic telemetry systems, 
other combinations of such systems may be employed to 
achieve the same or similar results. For example, a Wellbore 
telemetry system using a mud siren, positive and/ or negative 
pulse telemetry devices, an acoustic telemetry device, a tor 
tional Wave telemetry device, or any other telemetry device(s) 
could be used instead of or in addition to those depicted in 
FIGS. 2-4 to communicate With a surface unit or computer. 
Additionally, various combinations of communication links 
(e.g., Wireless, hardWired, etc.) may be employed to provide 
selective communications betWeen the surface unit and the 
telemetry devices to suit the needs of particular applications. 
[0044] Still further it should be understood that the telem 
etry devices, or any combination thereof, used With the 
example systems described herein may be positioned in vari 
ous con?gurations about the doWnhole tool. For example, the 
devices may be positioned adjacent to each other or, altema 
tively, at some desired distance or spacing apart, With or 
Without components disposed therebetWeen. The telemetry 
devices may be oriented vertically as shoWn in the examples, 
or one or more of the devices may be inverted. 

[0045] FIG. 5 is a schematic vieW, partially in cross-sec 
tion, of still another example telemetry system 500 including 
a doWnhole tool 501 having multiple doWnhole components 
and multiple Wellbore telemetry devices. As depicted in the 
example system 500 of FIG. 5, the doWnhole tool 501 
includes tWo MWD tools 534a and 534b, tWo mud pulse 
telemetry devices 538a and 538b, tWo pressure transducers 
540a and 540b, and tWo sensors 542a and 54219. 

[0046] A surface unit or computer 502, Which may be simi 
lar or identical to one or more of the example surface units 
202, 302, and 402 of FIGS. 2, 3, and 4, respectively, may be 
communicatively and/or operationally coupled to the telem 
etry devices 538a and 5381) and/or doWnhole components 
548a and 54819. As With the other example surface units 202, 
302, and 404, the example surface unit 502 may be proximate 
(e.g., onsite) or remotely situated (e.g., offsite) relative to the 
rig 10 and operationally and/ or otherWise coupled to the 
telemetry systems, MWD tools 534a and 534b, and/or mud 
pulse telemetry devices 538a and 5381) via any desired com 
munication links (not shoWn). The MWD tools 534a and 
5341) may be implemented using devices similar or identical 
to those used to implement the MWD tools 34, 23411, 234b, 
334, and/or 434. Similarly, the mud pulse telemetry devices 
538a and 5381) may be implemented using devices similar or 
identical to those used to implement the mud pulse telemetry 
devices 38, 23811, 238b, 338, and/or 438. 
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[0047] As depicted in FIG. 5, the doWnhole tool 501 houses 
the MWD tools 534a and 534b, the mud pulse telemetry 
devices 538a and 538b, and the doWnhole components 548a 
and 54819. In the example of FIG. 5, the doWnhole components 
548a and 54819 are depicted as formation evaluation tools, 
Which may be used to test and/or sample ?uid from a sur 
rounding forrnation. Examples of such formation evaluation 
tools that may be used to implement the tools 548a and 54819 
are described in published U.S. patent application No. 2005/ 
01109538, Which is incorporated by reference herein in its 
entirety. As shoWn, the doWnhole components 548a and 54819 
include stabilizer blades 552a and 55219 With probes 554a and 
55419 for drawing ?uid into the doWnhole tool 501, and 
backup pistons 550a and 55019 to assist in driving the probes 
554a and 5541) into position against the Wall of the Wellbore 
30. The formation evaluation components 548a and 5481) 
may enable various pressure testing and/or sampling proce 
dures to be performed. Although the example of FIG. 5 
depicts tWo formation evaluation components in the doWn 
hole tool 501, one or more than tWo formation evaluation 
components may be used instead. 
[0048] In the example of FIG. 5, the Wellbore telemetry 
devices 538a and 53819 are operationally coupled to the 
respective doWnhole components 548a and 5481). However, 
one or more Wellbore telemetry devices may be coupled to 
one or more formation evaluation components. For example, 
tWo Wellbore telemetry devices may be coupled to the same 
doWnhole component or, alternatively, each Wellbore telem 
etry device may be coupled to a single, respective doWnhole 
component. Additionally, a variety of formation evaluation 
components may be coupled to one or both of the Wellbore 
telemetry devices 538a and 53819. As used herein, “formation 
evaluation component” refers to a device for performing for 
mation evaluation such as, for example, sampling, detecting 
formation pressure While drilling, measuring resistivity, 
nuclear magnetic measurements, or any other doWnhole tool 
used to evaluate a subterranean formation. 

[0049] Multiple Wellbore telemetry devices and/ or systems 
such as those described in connection With the example sys 
tems herein may be used to provide doWnhole tools With the 
ability to perform independent or integrated doWnhole opera 
tions. For example, one Wellbore telemetry system and/or 
telemetry device may be used in conjunction With a doWnhole 
formation evaluation component to perform various testing 
operations, While a second telemetry device may be used to 
perform resistivity operations. Additional Wellbore telemetry 
systems and/or devices may be provided as desired. In some 
cases it may be desirable to use certain Wellbore telemetry 
systems or devices in conjunction With certain doWnhole 
components to perform certain doWnhole operations. 
[0050] Measurements taken using the Wellbore telemetry 
devices may be compared and analyZed. In this manner, 
duplicate or redundant measurements may be taken for cali 
bration and/or veri?cation purposes. Additionally, duplicate 
or redundant measurements may be taken at different posi 
tions (at the same or different times) to determine differences 
in the formation at various doWnhole locations. Measure 
ments taken by different components may also be analyZed to 
determine, for example, performance capabilities and/ or for 
mation properties. 
[0051] The separate or individual functionality of the Well 
bore telemetry devices may also be used to enhance poWer 
capabilities needed to perform continuous or additional 
operations. Multiple Wellbore telemetry devices may also be 
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used to increase data transmission rates to the surface and/or 
to eliminate the need for batteries in the doWnhole tool. The 
use of multiple Wellbore telemetry devices may also provide 
a backup system in a case Where one of the Wellbore telemetry 
systems fails or is otherWise unable to function properly. 
Further, in cases Where tWo different Wellbore telemetry sys 
tems and/or devices are used, alternative types of communi 
cations may be employed as desired or needed to provide 
more effective communications betWeen a doWnhole tool and 
a surface unit. Still further, any desired communication 
medium or combination of media may be used to implement 
the telemetry systems described herein. For example, any 
combination of Wireless and/ or hardWired media may be used 
to suit the needs of particular applications. More speci?cally, 
Wireless media may include drilling mud, electromagnetic 
signals, acoustic signals, etc., and hardWired media may 
include Wired drill pipe and/or any other media using electri 
cal conductors. 

[0052] As noted above in connection With the examples of 
FIGS. 2, 3, 4, and 5, the surface units 202, 302, 402, and/or 
502 may be located onsite or offsite (e. g., relative to the rig) 
and may be communicatively and/or operationally coupled to 
one or more respective doWnhole tools via communication 
links (not shoWn). The communication links may be imple 
mented using any desired Wireless and/ or hardWired link 
capable of transmitting data betWeen Wellbore telemetry 
devices and surface units or computers. In some examples, 
the communication link may be coupled to a Wellbore telem 
etry device via an intermediary device such as, for example, a 
pressure transducer. The communication link provides means 
for passing signals such as command, data, poWer or other 
signals betWeen the Wellbore telemetry devices and the sur 
face computer. These signals may be used to control the 
doWnhole tool and/or to retrieve data collected by the doWn 
hole tool. Preferably, but not necessarily, signals are passed in 
real time to provide fast and e?icient data collection, tool 
operation and/or response to Wellbore conditions. 
[0053] One or more communication links may be provided 
to operatively couple the Wellbore telemetry system(s) and/or 
device(s) to one or more surface unit(s). In this manner, each 
Wellbore telemetry device and/ or system can selectively com 
municate With one or more surface unit(s). Alternatively, such 
links may couple the Wellbore telemetry system(s) and/or 
device(s). The telemetry device(s) may communicate With the 
surface via a Wellbore telemetry system. Various communi 
cation links may be provided so that the Wellbore telemetry 
devices and/or systems may communicate With each other 
and/or the surface unit(s) independently, simultaneously or 
substantially simultaneously, alternately (e. g., While one 
telemetry device is actively communicating, other telemetry 
devices are not actively communicating), and/ or during 
selected (e.g., predetermined) time frames or intervals. 
[0054] The signals and/or other communications conveyed 
via the example Wellbore telemetry systems described herein 
may be used or manipulated to enable the e?icient How of 
data or information. For example, the example telemetry 
devices and/or systems may be selectively operated to pass 
data from the doWnhole tool to the surface unit or computer. 
Such data may be passed from the telemetry devices and/or 
systems at similar or different frequencies, simultaneously or 
substantially simultaneously, and/ or independently. The data 
and/or signals may be selectively manipulated, analyZed, or 
otherWise processed to generate an optimum and/or desired 
data output. The data (e.g., the output data) may be compared 
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(e.g., to reference values, threshold values, etc.) and/or ana 
lyZed to determine Wellsite conditions, Which may be used to 
adjust operating conditions, locate valuable hydrocarbons, 
and/ or perform any other desired Wellsite operations or func 
tions. 

[0055] The Wired drill pipe drill string telemetry system 
described above (e. g., the example system of FIG. 3) may be 
used to provide relatively high bandWidth transmission of 
MWD signals. HoWever, the noise cancellation or suppres 
sion systems and methods described beloW in connection 
With FIGS. 6-14 can be used With Wired drill pipe to improve 
the signal-to-noise ratio and increase the bandWidth of mud 
pulse telemetry signals. More speci?cally, one or more pres 
sure transducers can be distributed or spaced along a section 
of Wired drill pipe in an upper portion of a drill string. The 
pressure transducers may form a linear array that provides 
pressure signals that can be processed using vertical seismic 
pro?ling techniques such as velocity ?ltering and stacking as 
described beloW to cancel, suppress, or reduce the effects of 
doWnWardly propagating noise (e.g., mud pump noise and/or 
other rig noise) While enhancing upWardly propagating 
MWD signals (e. g., mud pulse telemetry signals). In addition, 
the doWnWardly propagating noise may be re?ected from 
obstacles in the drill string, resulting in upWardly propagating 
noise. This upWardly propagating noise may also be removed 
from the MWD signals. 
[0056] As used herein, the term “MWD signals” is used to 
refer to data that is gathered or collected doWnhole and sent to 
the surface via telemetry. It is understood that a telemetry tool 
may be used to convey LWD signals or other types of data, but 
the term “MWD signals” is used for convenience. 

[0057] In many MWD operations, especially offshore, the 
MWD mud pulse telemetry is limited to a very loW data rate 
(<<10 bits/sec). The loW data rate results from a loW signal 
to-noise ratio, Which can be caused by high noise levels 
generated by mud pumps and other rig-based equipment, by 
mud pump noise in the frequency band of the MWD mud 
pulse telemetry, and by the exponential attenuation of the 
MWD signal With depth. The pressure P(Z) measured a dis 
tance Z (m) from the mud pulser is attenuated according to 
P(Z):POeZ/L Where PO is the pressure at the mud pulser, and 
where 

[28 
L=a — 

11a) 

is an effective length. The inner radius of the drill pipe is a 
(m); the angular frequency is u) (radians/ S); the bulk modulus 
of the mud is B (Pa); and the viscosity is 11 (centipose). The 
attenuation increases With frequency and With the viscosity of 
the drilling mud. (Reference: NeW Mud Pulse Telemetry 
Techniques for DeepWater Applications and Improved Real 
Time Data Capabilities, SPE/ADC 67762, R. Hutin et al, 
2001). Standard practice is to loWer the mud pulse frequency 
to reduce the attenuation, and/or to shift the mud pulse fre 
quency to avoid frequencies Where there is high mud pump 
noise. In deepWater operations, there may be up to 10,000 feet 
(3048 m) of cold Water betWeen the rig and the seabed. The 
cold Water increases the drilling mud viscosity, Which 
increases the attenuation, and thus further reducing the mud 
pulse frequency and MWD telemetry data rate. 
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[0058] The systems and methods described beloW enable a 
relatively small amount of Wired drill pipe (i.e., the entire drill 
string need not be composed of Wired drill pipe) to enable 
relatively high bandWidth communications using a mud pulse 
telemetry system. In particular, the noise cancellation, sup 
pression, or reduction systems and methods described herein 
utiliZe a relatively small amount of Wired drill pipe and pres 
sure transducers to enable a mud pulse telemetry system to 
communicate effectively at a higher data rate and/ or at greater 
depths, thereby eliminating the need to use Wired drill pipe 
along the entire drill string to achieve a high data rate and/or 
to communicate at greater depths. This eliminates the need to 
Wire doWnhole drill string components such as positive dis 
placement motors, jars, and heavy Weight drill pipe. Further 
more, by deploying the pressure transducers near the seabed, 
one avoids the increased attenuation due to the effect of cold 
seaWater on the viscosity of the drilling mud. 

[0059] FIG. 6 is a schematic vieW of an example drill string 
telemetry system 600 including an array of pressure transduc 
ers 602, 604, and 606 to cancel, reduce, suppress, or separate 
doWnWardly propagating rig noise 608 from an upWardly 
propagating MWD signal 61 0. While three pres sure transduc 
ers 602, 604, and 606 are depicted in the example of FIG. 6, 
feWer pressure transducers (e.g., one transducer in the Well 
bore area of the drill string) or more than three pressure 
transducers may be used instead. HoWever, as described in 
greater detail beloW, the use of multiple pressure transducers 
may result in a greater signal-to-noise ratio for MWD signals 
generated by a mud pulse telemetry system than possible 
With, for example, a system employing only one pressure 
transducer. The example drill string telemetry system 600 
includes a drill string 612 that is composed of a Wired drill 
pipe portion 614 and a normal drill pipe portion 616 that is not 
Wired. In the example of FIG. 6, the Wired drill pipe portion 
614 is located in the upper portion of the drill string 612 and 
the normal drill pipe portion 616 is located in the loWer 
portion of the drill string 612. The example drill string 612 
also includes an MWD telemetry device 618 (e. g., an MWD 
pulser for mud pulse telemetry) that is adjacent to a bit 620, 
Which is disposed at the bottom end of the example drill string 
612. 

[0060] The pressure transducers 602, 604, and 606, an 
example implementation of Which is depicted and described 
in connection With FIG. 7, may be spaced apart or separated 
along the Wired drill string portion 614 of the drill string 612 
at, for example, intervals preferably about a quarter Wave 
length of the telemetry signals. For telemetry performed at 
loWer frequencies (e.g., frequencies of a feW Hertz), it may be 
desirable to space the pressure transducers 602, 604, and 606 
a hundred or more meters apart, thereby requiring one or 
more of the pressure transducers 602, 604, and 606 to be 
located in the borehole. Locating one or more of the pressure 
transducers 602, 604, and 606 in the borehole increases the 
distance betWeen the transducers and mud pumps and/or 
other sources of rig noise, thereby further improving the 
signal-to-noise ratio of the MWD signal 610. 
[0061] In general, the use of pressure transducers in con 
nection With MWD mud pulse telemetry systems is knoWn. 
One such use is described in US. Pat. No. 6,741,185, entitled 
“Digital Signal Receiver for Measurement While Drilling 
System Having Noise Cancellation,” the entire disclosure of 
Which is incorporated by reference herein. Typically, in con 
trast to the example system of FIG. 6, these knoWn systems 
locate one pressure transducer near the mud pump(s), Which 
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are primary source of acoustic noise, and another pressure 
transducer in the standpipe. Thus, both pressure transducers 
are located relatively close to the source of the rig noise. 
Signals received from the sensors or transducers are then 
typically processed or combined to cancel or reduce the 
effects of the noise signals generated by the mud pump(s). 
The separation betWeen the transducer located near the mud 
pump(s) and the transducer in the standpipe affects the degree 
to Which mud pump noise can be canceled or suppressed. A 
separation of about an eighth of a Wavelength (i.e., the Wave 
length of the mud pulse telemetry signals) or about a quarter 
of a Wavelength is typically used to provide the greatest 
signal-to-noise ratio for the mud pulse telemetry signals. 
HoWever, in practice, such separations on the surface near the 
rig are usually not possible due to the loW frequency and long 
Wavelength of the mud pulse telemetry signals and the limited 
path length associated With the pressure equipment on the rig. 
Furthermore, pressure transducers 40 are normally located 
above the rig ?oor in the mud line 26. Mud pump noise is 
re?ected by the transition from the mud line to drill pipe, 
Which results in complex standing Waves that make it dif?cult 
to ?lter the mud pump noise. 

[0062] In contrast to the knoWn use of pressure transducers 
noted above, in the example of FIG. 6, the pressure transduc 
ers 602, 604, and 606 are located on the drill string 612 in 
relatively doWnhole locations, thereby reducing the surface 
noise to Which the sensors 602, 604, and 606 are subjected. 
The doWnhole locations of the transducers 602, 604, and 606 
and the spacing betWeen the transducers 602, 604, and 606 
may be selected based on the acoustic velocity in drilling mud 
and the frequency at Which mud pulse telemetry signals are 
transmitted by the MWD telemetry device 618. More speci? 
cally, the acoustic velocity in drilling mud ranges betWeen 
about 1 km/sec to 1.5 km/sec, and mud pulse telemetry sig 
nals are typically transmitted at a frequency of betWeen about 
1 HZ and 24 HZ. The table beloW provides quarter Wavelength 
sensor spacing in meters for different acoustic velocities and 
mud pulse telemetry transmission frequencies. 

Quarter-Wavelength Spacing 

Mud Pulse Freq. l km/sec. 1.5 km/sec. 

l HZ 250 m 375 m 

12 Hz 21 m 31 m 

24 Hz 10 m 16 m 

[0063] In vieW of the foregoing quarter Wavelength infor 
mation, a particular example in connection With the example 
con?guration of FIG. 6 is noW provided. For example, assume 
a ?nal bit run begins at a measured depth of 7 kilometers and 
that the total depth to Which the Well is to be drilled is 10 
kilometers. At the beginning of the ?nal bit run, the MWD 
telemetry device or pulser 618 may be run into the borehole 
such that the normal drill pipe 616 is about 6.5 km in length 
and the Wired drill pipe 614 is about 0.5 km in length. Special 
subs (e.g., the example sub 700 depicted in FIG. 7) containing 
the pressure transducers 602, 604, and 606, batteries, elec 
tronics, processors, communications circuitry, etc. may be 
uniformly spaced betWeen selected Wired drill pipe segments 
in the Wired drill pipe 614 portion of the drill string 612. For 
example, three such subs could be spaced apart by 250 meters 
to provide quarter Wavelength spacing for 1 Hz MWD sig 
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nals. The subs (e.g., located at the pressure sensors 602, 604, 
and 606) can communicate With a surface computer or unit 
via the communication channel provided by the Wired drill 
pipe 614. In one example, the signals from the pressure trans 
ducers 602, 604, and 606 may be sampled and digitiZed at 
approximately 200 HZ. The digitiZed information associated 
With the transducers 602, 604, and 606 may then be transmit 
ted to a surface computer for further processing via the Wired 
drill pipe 614 or other drill string telemetry (e. g., as described 
beloW in connection With FIG. 13). In the example Where the 
drill string telemetry is the Wired drill pipe 614, data rates of 
betWeen about 10 to 50 kbits/ sec. are possible, thereby easily 
accommodating the bandWidth needed to transmit the digi 
tiZed information. 

[0064] As drilling continues, an additional 3 km of Wired 
drill pipe 614 is added to reach the total depth of 10 km. In this 
manner, the distances betWeen the MWD pulser 618 and the 
pressure transducers 602, 604, and 606 do not increase With 
drilling. As a result, the signal-to-noise ratio of the MWD 
signal 610 does not degrade With depth. On the contrary, the 
signal-to-noise ratio may be increased by adding additional 
pressure sensors (not shoWn) to the drill string 612. Addition 
ally, the signal-to-noise ratio improves as the distance 
betWeen the pressure transducers and surface noise sources 
increases With depth. In deepWater offshore, the attenuation 
of the doWnWardly propagating noise due to the effect of cold 
Water on the drilling mud viscosity is bene?cial When the 
pressure transducers are located near the seabed. 

[0065] FIG. 7 is a cross-sectional vieW of an example sub 
700 that may be used to implement the pressure transducers 
602, 604, and 606 in the example drill string telemetry system 
600 of FIG. 6. The example sub 700 includes a collar 702 
having a passage 704 through, toroids 706 and 708, electron 
ics 710, batteries 712, and a pressure transducer 714. The sub 
700 alloWs telemetry signals to pass through it, and can itself 
receive and send telemetry signals. In one example, the tor 
oids 706 and 708 are connected by a Wire or other electrical 
connection. In the example of FIG. 7, the pressure transducer 
714 is con?gured to measure pressure in the interior of the sub 
700 (e. g., in the passage 704). HoWever, an annular or exterior 
pressure measurement could be used instead of or in addition 
to the interior pres sure measurement. The electronics 710, 
Which are poWered by the batteries 712, may include interface 
and signal conditioning circuitry or programming to condi 
tion signals received from the pressure transducer 714. The 
electronics 710 may also include communications circuitry to 
enable pressure information (e.g., measured pressure values) 
to be conveyed via the Wired drill pipe 614. Speci?cally, the 
communications circuitry may be con?gured to provide vary 
ing electrical currents to the toroids 706 and 708 to magneti 
cally couple the pressure signal information to a surface unit 
(e.g., similar or identical to the surface unit 302 of FIG. 3) via 
the Wires in the Wired drill pipe 614. Transformers other than 
toroids, and/or electrical contacts may be used to connect the 
sub 700 to the Wired drill pipe. 

[0066] The pressure transducers 602, 604, and 606 of FIG. 
6 form an array that may be used to provide a plurality of 
pressure signals that can be processed to improve the signal 
to-noise ratio ofthe MWD signal 610. 
[0067] As described in greater detail in conjunction With 
FIGS. 8-14 beloW, the signals from the pressure sensors 602, 
604, and 606 may be processed to enhance the upWardly 
propagating MWD signal 610 While decreasing the effects of 
doWnWardly propagating surface noise (e.g., the mud pump 
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noise 608 of FIG. 6) on the MWD signal 610. As a result, the 
signal-to-noise ratio of the MWD signal 610 can be increased. 

[0068] The method exploits the fact that the mud pump and 
other noise from the rig initially propagates downwardly, 
while the MWD mud pulse signal propagates upwardly. This 
is a velocity ?ltering technique. The signals at the pressure 
transducers 602, 604, and 606 may be time-shifted corre 
sponding to a downwardly propagating wave and averaged to 
estimate the downwardly propagating noise signal (e.g., an 
enhanced form of the mud pump noise signal 608). This 
estimated noise signal may then subtracted from each of the 
signals provided by the pressure transducers 602, 604, and 
606 to provide corrected pressure signals. The corrected pres 
sure signals are then time-shifted corresponding to an 
upwardly propagating wave and averaged to enhance the 
upwardly propagating MWD signal 610.As described further 
below, the time-shifting and stacking (i.e. averaging) are per 
formed by determining the velocity of the acoustic waves or 
signals associated with the mud pump noise 608 and the 
MWD signal 610. The velocity of the acoustic waves, which 
may vary slowly over time, can be determined using, for 
example, a cross-correlation technique as described later. 

[0069] FIG. 8 depicts an example manner in which the 
example drill string telemetry system 600 of FIG. 6 may be 
used to detect downwardly propagating noise. The technique 
described in connection with FIG. 8 uses signals associated 
with the pressure transducers 602, 604, and 606 of FIG. 6, 
corresponding to respective drill string locations Z1, Z2, and 
Z3 in FIGS. 6 and 8. The three vertical axes correspond to 
respective times T1, T2 , and T3 during which mud pump 
noise 608 propagates downwardly past locations Z1, Z2 and 
Z3 along the drill string 612. As indicated in FIG. 8, the 
waveform of the downwardly propagating noise remains rela 
tively unchanged over the array of pressure transducers pro 
vided there are no major obstacles in the drill pipe within the 
array. The pressure transducers 602, 604, and 606 generate 
respective pressure signals Sl(t), S2(t) and S3(t) as functions 
of time in response to the downwardly propagating noise 
waveform, shown at times T1 801, T2 802, and T3 803. More 
speci?cally, pressure measurements are obtained at discrete 
times {t1, t2, t3, . . . }, with constant time increments of At. 
The time increment At should be suf?ciently short to obtain 
several measurements per cycle. It is understood that the 
notation Sl(t) actually represents many discrete measure 
ments; that is, the pressure measurements are made and 
recorded at large number of discrete times. Noise from the rig 
mud pumps and/ or other surface equipment propagates 
downwardly with velocityV, represented by the diagonal line 
804 in FIG. 8. There are similar signals at the pressure trans 
ducers 602, 604, and 606 when Z1—(V~T1):Z2—(V~T2):Z3— 
(V-T3). The signals from the pressure transducers 602, 604, 
and 606 may then be time- shifted and averaged to provide an 
estimate of the downwardly propagating noise (e.g., the mud 
pump noise 608) as a function of time according to the equa 
tion 

ND(t):{S1(t)+S2(t+(Z2-Z1)/V)+S3(t+(Z3—Z1)/V)}/3. 

In FIG. 8, this is equivalent to moving waveforms 802 and 803 
in alignment with waveform 801 and then averaging the 
waveforms. In determining the estimated downwardly propa 
gating noise ND(t), it is assumed that the signals Sl(t), S2(t) 
and S3(t) have been properly normaliZed to account for any 
attenuation between the pressure transducers and to account 
for variations in the sensitivities of the pressure transducers. 
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The estimated noise function N D(t) can then be used to correct 
the signals received at each of the pressure transducers 602, 
604, and 606 to produce corrected pressure transducer signals 
Rl(t), R2(t), and R3(t) as set forth below. 
[007 0] R1 (t):S 1 (t)—ND(t) 

[0073] As shown in FIG. 9, the corrected pres sure trans 
ducer signals may include some residual downwardly propa 
gating noise 910, which may not have a signi?cant impact on 
an upwardly propagating signal, represented by 901, 902, and 
903 at the times T1, T2 and T3. The corrected pressure trans 
ducer signals R1 (t), R2(t), and R3 (t) can then be time-shifted 
and averaged to enhance the upwardly propagating signal, 
which may be, for example, the MWD signal 610 of FIG. 6. 
The velocity of the upwardly propagating signal V is repre 
sented by the diagonal line 905 in FIG. 9. More speci?cally, 
the upwardly propagating signal is similar at each of the 
pressure transducer locations Z1, Z2, and Z3 when Z1+ 
(V ~T3):Z2+(V ~T2):Z3+(V~T1). The time-shifted, upwardly 
propagating signal can then be represented using the expres 
sion 

The waveforms 901 and 902 are essentially time-shifted to 
coincide with waveform 903 and then averaged. 

[0074] Initially, the velocity V can be estimated from the 
physical properties of the drilling mud. However, a more 
precise determination can be made by cross-correlation of 
downwardly propagating noise or by cross-correlation of the 
upwardly propagating MWD signals. For example, consider 
the signals S1 (t) and S2(t). A sliding window of m data points 
is used in the cross-correlation. The length of the time win 
dow, m At , should be suf?ciently long to contain a few cycles. 
The mean 

[0075] value for the signal measured at Z1 is 

for {tl-,tl-+l,ti+2,ti+3, . . . ,tl-+m_l}, and the mean value for the 
signal measured at Z2 is 

for {tj,tj+1,tj+2,tj+3, . . . ,tj+m_l}. Note that the two time win 
dows will be different, i.e. i¢j . The cross-correlation function 
C12(d) between Sl(t) and S2(t) is de?ned as 

m1 

k: 

where j:k+d. The cross-correlation function C12(d) achieves 
a maximum value when the time lag is given by 












