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A problem common to MWD/LWD is how to transmit data from the bottom of a bore
20 hole to a point on the surface where it can be collected and processed. A typical technique
for this type of data transmission is mud pulse telemetry. During the drilling operation,
drilling mud is pumped from a mud pump downward through the drillpipe and emerges near
the drill bit at the bottom of the drill hole. This mud cools and lubricates the drill bit, carries
rock cuttings to the surface where they can be analyzed and prevents the walls of the bore
25 hole from collapsing. In mud pulse telemetry, a transmission device, or “pulser,” such as an
electo-mechanical pulser or a mud siren near the drill bit generates a signal that is transmitted
upward to the surface through the downward traveling column of mud. A transducer,
typically at the surface, receives the signal and transmits it to a signal processor. The signal
processor then decodes and analyzes the signal to provide real-time information about the

30 drilling operation to the driller.

One problem with decoding and analyzing the signal is that noise seen by the
transducer, generated by the drilling operation, obscures the signal. There are a number of
potential sources of noise generated during MWD/LWD. Noise may be introduced by the
turning of the drill bit and drillpipe and/or from the mud pump used to force the mud into the
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25 MAD LD gx};ggtémnated by the downward traveling reflected signal. One or both of the signals
received at the first transducer and the second transducer are time shifted, and the second
20 signal is then subtracted from the first signal. This technique produces a processed signal
with more sharply defined leading and trailing edges. Because the information carried by a
signal is typically encoded either in the pulse position or the timing and the phase of the
signal, more sharply defined leading and trailing edges enable the processed signal to be less
obscured by the noise and more easily decoded than a signal in a single-transducer
25 MWD/LWD system.

A mud pulse telemetry adaptive noise canceler (ANC) is provided to process
Measure-While-Drilling/Logging-While-Drilling (MWD/LWD) communication signals to
provide information on down hole conditions during a MWD/LWD drilling operation. The
ANC employs two transducers, each receiving a succession of signals. A primary transducer,

30 located down hole from both a mud pump and a desurger, receives a primary signal. A
reference transducer, located near or, optimally, on the desurger, receives a reference signal.

The ANC calculates a best least squares fit between the reference signal and the correlated

primary signal and then estimates the phase and magnitude of linearly correlated parts of the
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20 with a frequency that is dependent on the distance between the two transducers. In addition.
the generated spikes are time synchronized with the transmitted modulated pulses. thus
providing accurate clock tracking and recovery, more reliable signal detection, a better S/N
ratio and thus higher data transmission rates.

A better understanding of the present invention can be obtained when the following

25 detailed description of the invention is considered in conjunction with the following
drawings, in which:

Figure 1la illustrates an exemplary single transducer, Measure-While-
Drilling/Logging-While-Drilling (MWD/LWD) system employed in a drilling operation;
Figure 1b is a block diagram of an exemplary computing system that can implement

30 the techniques of the disclosed embodiment;

Figure 2 illustrates an exemplary two-transducer, MWD/LWD system that can

employ the techniques of the disclosed embodiment;
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downvar d-t E) eh 16': r1195 m]j\dtransmlssmn device 107, such as an electo-mechanical pulser or a mud
siren, produces an acoustic or pressure wave, or “signal,” 111 that travels at the speed of
sound in mud toward the earth’s surface 127 through the downward-travelling mud flow 103
in the drillpipe 105 and is received or detected at a transducer 113. The transducer 113 is

20 connected to a signal processor 115 that decodes and analyzes the signal 111. In this
example, the signal 111 is encoded using pulse position and carries information about drilling
parameters and conditions in the drill hole 125 that a driller may use to monitor and control
the drilling operation. The signal 111 may instead be encoded using phase and amplitude and
the signal 111 may instead be transmitted through and received from the upward travelling

25 mud flow 104 in the annulus 126.

Also included in the MWD/LWD system S is a desurger 117 that evens out the mud
flow 103 within the drillpipe 105. A membrane 121 separates the desurger 117 into a mud
section 123 and a nitrogen section 119. The desurger 117 acts like an accumulator to smooth
outlet pressure generated by the mud pump 101. The use of a single transducer. MWD/LWD

30 system S is well known to those with knowledge in the petroleum drilling arts.
| Turning now to Figure 1b. illustrated is a block diagram of an exemplary computing

system C that can implement the techniques of the disclosed embodiment. The computing

system C includes a bus controller 22, a processor 14, synchronous dynamic access memory
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disclosed embodiment may be incorporated into hard-wired electronic circuits.

20 Tumning now to Figure 2, illustrated is an exemplary two-transducer, MWD/LWD
system T that employs the techniques of the disclosed embodiment to process mud pulse
telemetry. The MWD/LWD system T includes a mud pump 151, a drillpipe 157, a mud flow
155 produced by the mud pump 151 through the drillpipe 157, a desurger 153 and a
transmission device 158 that are similar in type and function to the mud pump 101, the

25 drillpipe 105, the mud flow 103, the desurger 117, and the transmission device 107
respectively of the single-transducer, MWD/LWD system S (Fig. 1a). Some details of the
MWD/LWD system T such a drill bit and portions of the desurger 153 that are not critical to
the disclosed techniques are omitted for sake of clarity. Unlike the MWD/LWD system S,
the MWD/LWD system T includes two transducers, the primary pressure transducer 163,

30 located upstream of the pulser (not shown) and downstream of the desurger 153, and the
reference pressure transducer 165, located near or, optimally, on the desurger 153. Both the
primary transducer 163 and the reference transducer 165 were first introduced above in

conjunction with Figure 1b. Ideally, the primary transducer 163 should be between 30 and
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t ransducer gradffdcéf dl 656andli1bh edre dtue Gemtftﬂoorﬁhﬁifadt@re@%l TG&QSS&EOI% h?nc of
transducers 163 and 165, the nud %151 and the desurger 153.

exanpl e, t REAIRVHFonneaat dhe erntSﬁ@ 38fraery P13 %h sunufagtuneg3by rtémues Irtpotqf
the tr ansmSh&x%H, Massachuttes; and the Viatran 709, 571 or 70 series manufactured by the Viatran
20 Corporation of Grand Island, New York. The specific transducer employed is not critical to

the techniques of the disclosed embodiment but should preferably have a response time of 20
ms or less.
The primary transducer 163 converts the received, combined pressure pulses 167 and
169 into a primary electrical signal 400, and the reference transducer 165 converts the
25 received pressure pulse 167 into a secondary electrical signal 402. The primary transducer
163 and the reference transducer 165 provide the primary signal 400 and the reference signal
402 respectively to a signal conditioning box 175. The signal conditioning box 175, which
includes analog anti-alias filters 177, converts the 4-20 mA primary and reference signals 400
and 402 from the transducers 163 and 165 to a suitable voltage for data acquisition cards (not
30 shown) in the computing system C. The signal conditioning box 175 provides an anti-aliased
primary signal 404 and an anti-aliased secondary signal 406 respectively to a primary channel
177 and a secondary channel 179 respectively of an adaptive noise canceler (ANC) 181. The

ANC 181 is described in more detail below in Figure 4. In the disclosed embodiment, the



pul se 167 and the reflected pul se 169; the signal received at the reference
transducer 165 includes the transmtted pulse 167 only due to the

ref erence woangekdger' s 165 | ocation either near or on the E@sSUSEAL72353.
The techni ques of the disclosed enbodi nent take advantage of the

di fference between the signal received at the primary transducer 163 and
the signal 15 received at the reference transducer 165 to facilitate the
processing of the transmitted signal 1677 Exanples of suitable pressure

transducers that may serve as the primary and reference transducers 163
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the transmtted pul se 167 that travels through the dowward traveling nud
fl ow 155 Pulse 169 at time t2 represents an amount of travel time it takes for the transmitted pulse 167
to travel upstream from the primary transducer 163 to the desurger 153, become the reflected
20 pulse 169, and travel back downstream to the primary transducer 163. The difference
between the end of the transmitted pulse 167 at time t3 and the end of the reflected pulse 169
at t4 represents approximately the same travel time.
The third exemplary pulse is a resultant pulse 201 that represents the sum of the
transmitted pulse 167 and the reflected pulse 169. Note that the reflected pulse 169 arrives at
25 the primary transducer 163 later than the transmitted pulse 167 and is of a smaller magnitude.
As a result of the difference in time between time t1 and time t2, the resultant pulse 201 has a
peak 203 at the beginning edge. As a result of the difference between time t3 and time t4. the
resultant pulse 201 also has a dip 205 at the trailing edge.
As noted above, the reference transducer 165 receives the transmitted pulse 167 and,
30 because it is either near or on the desurger 153, almost none of the reflected pulse 169. The
techniques of the disclosed embodiment employ the resultant pulse 201 received at the

reference transducer 165, as well as data from the processing of preceding pulses. to process

the transmitted pulse 167. The sharp edges of the resultant pulse 201 have a frequency that is



(Fig 2) in an upstreamdirection, or toward the nud punp 151. The second
pressure pulse is the reflected pulse 169 that travels in a downstream
directi onyw®p/ss@y formthe desurger 153. The reflected ppcsastéfrs
created when the transmtted pul se 167 reaches the desurger 153 10 and is
refl ected back down hole. The transmtted pul se 167 begins at a time tl and
ends at atine t3. The reflected pulse 169 begins at a tine t2 and ends at
atime t4 and has |l ess anplitude then the8transnmtted pulse 167. The
difference in anplitude between the transmtted pul se 167 and the reflected
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dependant ¢ 1 Gh t ' [ r 163
and 165 ang B B g Bt L R e T he

t ransm t t ed(kasiznab3 0 bandedpep mpsrasessarily represent a physical device. The d(k) signal 307 is
processed by an automatic gain control (AGC) device 325, which adjusts the d(k) signal 307

20 to a level appropriate for further processing, and is then passed to a summer 335, described in
more detail below. If a sr(k) signal (not shown) is set equal to the sum of the s1(k) signal 303
and the r(k) signal 303, the relationship of the sl1(k) signal 303. the r(k) signal 305, the nl1(k)

signal 301 and the sr(k) signal can be described as follows:

25 d(k) = sl(k) + r(k) + nl(k)
=sr(k) + n1(k).

The s1(k) signal 303 goes through a T(z) transformation 311 which produces a s2(k)

signal 313. The T(z) transformation 311 represents a physical conversion of the s1(k) signal

30 303 from a current loop into voltage for data acquisition cards (not shown) of the computing
system C (Fig 1b) and, in the disclosed embodiment, includes anti-aliasing filtering. The

T(z) transformation 311 also represents a physical transformation of the si(k) signal 303 such

as effects caused by the length of and number of joints in the drillpipe 157.



167 and 169. Further, the sharp edges are tine synchronized with the
transmtted pul se 167, thus providing accurate clock tracking and
recovery, vwoeshkeus si gnal anplitude and a better 5 S/ N rati ecTieaodurmst o
nore reliable signal detection and higher transm ssion rates. Thus, the
resultant pulse 201 is nore sharply defined than the transmtted pul se 167
or the reflected pulse 169, and MAD/ LWD data can be transmtted at higher
data rates than in either a single trans@ucer MAD/ LMWD systemor in a
two-transducer MAD/ LWD system that does not enploy an ANC 181. 10 Turning
now to Figure 4,AiSpqondaryanpef $1§n3ém(l§)xélﬁ3l‘ahlyh ANiCspeddsofo thhgefdranct oiged 402
enbodi nent ( 0 reshands, to
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passed to 7%18 “Q&scribed in nore detail below If a sr(k) signal
(notloshovvn) is set equal to the sumof the sl1(k) signal 303 and the r(k)
si gnal 305, thenpngkabiuonsiu ép) of the s1(k) signal 303, the r(k) signal 305,
the n | (k) signal 301 and the sr(k) signal can be described as follows:
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WO 01/ 46548(k5’grdolx¥§@rpétf&g7¢12\5ay & to minimize the expected square value of e(k). The n~(k) signal

321 can be described as follows:
20
n™(k) = n(k) * W(k)
=352'(k) + n2'(k)
where the symbol **’ refers to a convolution corresponding to the weighting using the
25 W(K) coefficients 318. The s2°(k) signal (not shown) and the n2’(k) signal (not shown)
represent the individual weighting of the s2(k) signal and the n2(k) signal respectively.
The n”(k) signal 321 is subtracted from the primary input signal d(k) 307 by the
summer 335 to give an estimate of an ANC error signal e(k), or an ANC output signal, 323.

as shown below:

d(k) — n(k) = sr(k) + n1(k) - n(k) * W(k)
=s1(k) + r(k) + n1(k) - s2'(k) - n2'(k)
= (s1(k) + r(k) — s2°(k)) + (nl(k) - n2"(k))
=s(k) + n(k) = e(k)
35



A secondary input signal n(k) 319, which corresponds to the reference
signal 402 (Fig. 2), is the output of a summer 333, which conbines the

out put of wbeiddsgg transformation 311, or a s2(k) signal IFyusavdz7asn2(k)
noi se signal 309 that represents el ectronic/random noise such as that

i ntroduced by the A/D converter 18. Like the summer 331, the summer 5 333
does not necessarily represent a physical device. The n(k) signal 319 is
passed by the sumer 333 to an AGC devi cd0327, which adjusts the | evel of
the n(k) signal 319 to a |level appropriate for further processing, and
then to an aastsloer ety irean esimage dfiarmpilfei signabSdnifiid. Se descebpbmdfell¢w: R) filter
315, which is described in nore detail below. The n(k) signal 319 can be

descri bed as foll ) 2(k) + n2(k). The reference signal n(k)
319 is "weighted (gg/; (%8 I‘E&E 15% I(]fs)er 315 using a set of coefficients Wk)

318. The coe ts k) 318 are calculated by neans of a recursive 15
| east squaré‘é‘I‘(@_gb Prﬁ%/f\(lii%’ upeorrelgied nojssdyd qsﬁrﬂPﬁﬁiraé follas | bel ow. The out put
of the FIRfilter 315 is a weighted n(k) signal 319, or a n”(k) signal 321.
The n”(k) signal ;@21 4t )SHQ{( Act ed fromthe primary signal d(k) to give an
estimte of the ANC output, ‘e(k). The cal cuI ation of e(k) is done in such

a way as to mni yare va | ue of .e(k). .The n? al
321 can be descrlmtgég&ang {‘Rﬁﬁﬁﬂj’fdﬂ’ §u° AN(R) as40 %2‘)“‘ 'exé’ﬂéie ;qﬁa}e F k)
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wei ghting u t he coefficients 31 e s2 na no
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wei ghting of the s2(k) signal and the n2(k) signal respectively. The n"(k)
signal 321 is subtqaeted fdem Bk{g))p}rl mary i nput signal d(k) 307 by the

sunmrer 335 to give an ess( Ir%l N _agy lg ?n{or S|gn§1l e( k% » or anl,(AE)C
out pyg signal, 323, asE Wi Nﬁ?g K \ST +n -
AL s oty %&i) T RPN
sz (k) + (n A GBS E (n10h - 28 (srtIOV1*R(0)) + ELCW 0k

= E(s(k)?) — 2E{sr(k)(W(k)*n(k))}

20 where E{.} denotes an expectation or statistical average, the symbol ‘** denotes convolution,
as described above. The W(k) coefficients 318 are calculated using a RLS-type algorithm by
the RLS module 317 based upon an e(k) signal 323 corresponding to previous transmitted
pulses. Since E{s(k)?} is constant, minimization of the error square E{e(k)® } reduces to a
minimum squared error cancellation of sr(k) by W(k)*n(k).

25 Therefore. the W(k) coefficients 318 are adjusted to minimize the mean square value
of the e(k) signal 323. The W(k) coefficients 318 are calculated using an iterative procedure

according to the steepest-descent (gradient) algorithm and the following:

Wk) = W(k-1) + A e(k) n(k)
30
where W(k-1) represents a set of coefficients immediately preceding the W(k) coefficients

318 at the k-1-th iteration and A is a positive number chosen small enough to ensure the
convergence of the iterative procedure. The n(k) vector is a set of data points measured at the
secondary input fork =0, 1, 2, ..., N, and N is a length of the adaptive FIR filter 315.

35 The equation directly above represents a basic mean square error (MSE) algorithm or
what basically is referred to as a Least Mean Square (LMS) algorithm for adjusting or
updating the FIR filter 315 coefficients, which represent the phase and magnitude of linearly

correlated counter parts of the primary signal d(k) 307 and the reference signal n(k) 319.



= s(k) + n(k) = e(k) 35 WD 01/46548 PCT/ US00/ 42725 10 where s(k) or e(k)
is an estimate of a spi ke signal 505 (Fig. 5) described as follows: s(k) =
s 1(k) + m{dsdi/aess2’ (k), 5 and n(k) 319, a random uncorr el @cadisoousesi s
described as follows: n(k) =n 1(k) - n2" (k). A calculation of e(k) 323
is done in such a way as to mnimze the expected square of 10 error e(k).
Assum ng there is no correl ated spi ke frequency signal in the reference
signal n(k) 319 and no correlation betweéh the spi ke signal and noi se
S|gnals nI(kL and n2(k? t hen Eée(k)Z} = E{(d(k) - nA(k))2} {(sr(k) +
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N, and N isggohength of the adaptive FIR filter 315.

e(k)
15 W(k)

d(k) - n(K)
W(k-1) + K& ek

o

where K(k) is known as a Kalman gain vector. In the alternative, other methods such as a
fast least squares algorithm may be used to calculate the gain vector. In the disclosed

embodiment, the Kalman gain vector is calculated according to the following:

20
Kk) = V/(w+n(k)) R (k-1) n(k)
= V(w+u(k)) P(k-1) n(k), P(k)=R"(k)
where,
25 pk) = n’(k) R (k-1) n(k),= n’(k) P(k-1) n(k),
n’'k) = the transpose of the vector n(k),
Rk) = the correlation matrix for n2(k) and is given by:
Rk) = Zid" W' nk)n'(k)
w = weighting factor O<w<1).
30
R(k) can be computed recursively as:
Rk) = w R(k-1) + n(k) n’(k).
35 An inverse correlation matrix P(k) can be expressed using a matrix inversion lemma

and may be computed recursively as:
Pk) = (V/w) [P(k-1) ~ K(k) n’(k) P(k-1)].

The W(k) coefficients 318 calculated above find an estimate n"(k) 321 by convolving



35 The equation directly above represents a basic nean square error (NSE)
algorithmor what basically is referred to as a Least Mean Square (LMS)

al gori t hmyfpgi/a8isusting or updating the FIR filter 315 copffisieents, which
represent the phase and magnitude of linearly <correlated counter parts of
the primary signal d(k) 307 and the reference signal n(k) 319. WO 01/46548
PCTI USOQO' 42725 11 There are several variations of the LMS al gorithm and,
in the alternative, other variations of 1the LMS al gorithm may be appli ed.
However, due to the slow convergence of the LM5 algorithm the RLS nodul e
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ref erence S|gnal 319. .This Ieast square algorithmis known to those

with know mg@)lsmgrt é%%wblcags pasecdrihen foz Waqrrmwessamg;owblﬁmmmqyamea%%%lof
the RLS, of (5@} q@gboé% 8;%1: TﬁJ@{gﬂ Ceﬁgbaﬁ’@réﬁ'@ve':ﬁgﬁcfl Fi%ff&%ﬁeéet%g ek &ited

algorithmmay als sed t cul ate and ust icients
318. It shdud o the dﬁdiingmtecfsss ondl ist ¢ramont heboraltgopntdamssxgmi |16édn<btherxefea¢wd to
the RLS al Or'ltlgﬁn .e. RLS-type algorithms) can be used. The cal cul ation
the WKk) c E'Faf ents 318 can be summarized as fol | ows: e(k) = d(k) -

n*(k) 15 WKk) =Tibknglpow tFlgureed killuvredeiskl &)nmgsm&gﬁmnhaﬁmalulféﬂ dPékegipldry
vector. In the alternative, .other nmethods such fast | east squares

al gori t hm WeRpHged R P01 similantythe ?ﬁ@ﬂ@%ﬁ%p%ﬁﬁ (Flsn3>t4ﬂé i gempisey ANC
embogy ment outBtIItﬁ) I%z'smnwmh@(m%ﬁaea phﬁe§?}&u&r@nse§l @gocazra%nammfmﬁ Like the

foIIOV\/lng (k) 1/ (w+. t(k)) P(k-1) n(k),
P(k)= R" (tc)sultmmenbe 295 (Flg) 3% thd ANG opwut flisd 5OR (iRgludes Elpe(ak)DOP(akﬂE) lenfémg
RZE :3 ;néh?dsgter N QO 585&%*1? Yrgf}thgr {:k)}ﬂoﬁ% %r as %1 YesdiPbf ?heat El%pq\ggt rf' ﬁ%ef or
dlSClOSCd embodxment the peak 505 and the dip 507 are more pronounced than the peak 203
and the dip 205, respectively. This result enables MWD/L WD information to be transmitted
15 more accurately and at a higher transmission rate than is possible by using a simple signal
addition as illustrated in Figure 3 or by employing a band-pass or high-pass filtering scheme.
Sharply defined peaks and dips enable MWD/LWD information to be transmitted more
accurately and at higher transmission rates because the MWD/LWD information is, in the
disclosed embodiment, encoded within the pulse position of the transmitted pulse 501. Thus,
20 a sharply defined pulse is less likely to be obscured in the noisy environment of a drilling
operation than a pulse in a conventional MWD,L WD signal system and the amplitude of the
transmitted pulse 501 is not effected by the pulse width or the desurger 153.
Figures 6 and 7 are diagrams showing additional exemplary inputs and outputs of the
ANC 181 of the disclosed embodiment plotted in terms of pressure as a function of time. In
25 Figure 6, a primary input signal 307 and a reference input signal 319 are processed by the
ANC 181 (Fig. 2) to produce a ANC output signal 401. Note the sharply defined peaks and
dips in the ANC output signal 40 similar to the sharply defined peaks and dips of the ANC
output signal 503 in Figure 5. Figure 7 shows an exemplary dual-channel MWD/LWD
system. Like Figure 6, a primary input signal 703 and a reference signal 705 are processed
30 by the ANC 181 to produce a ANC output signal 707. The ANC output signal 707 also
includes sharply defined peaks and dips. Use of such an ANC output signal allows for

reliable recovery of MWD/LWD data.



w = weighting factor (0 < w< 1). 30 R(k) can be conputed recursively as:
R(k) = wR(k-1) + n(k) n" (k). 35 An inverse correlation matrix P(k) can be
expressed wohi1gksas Matri x inversion lenmma and may be conputped/useoutrasvel y
as: P(k) _ (1/w) [P(k-1) - K(k) n" (k) P(k-1)]. The Wk) coefficients 318
cal cul ated above find an estimate n”(k) 321 by convol ving WD 01/ 46548

PCT/ US00/ 42725 12 the secondary input with the coefficients Wk) 318
obtai ned in accordance with the equation 1§n*(k) = n(k) * WKk)) every tine
a data point is collected. The FIRfilter 315 output, n”(k) 321, is then
subtracted from Tllraefomgbhmr@iscﬂmm ag] desatiptatrkdf 18O ¥ahgust dmeboglimeres axﬁaﬂusttmtive

obtain the_g( na ed then for. furth [.o¢
t hi s manner; %teﬁ%’l 1 % a\é\l,guvélgaui kaain%ﬁ lélttbe gﬁﬁcQB{l?I}sea(?Seaﬁt&bg ﬁ % Ve
signal int euhéer@n&atlémaﬂthﬁb@hboﬁbﬁmeaﬁceﬁwo&@ﬂ andl thifiof si€psdiilieh] 4sNgelPELBABS

and is conc\;) fg the p |mary signal 163 and the reference signal 165.
Tur ni ng nowatdisFe H’reeﬂ%‘Str‘it? SEYF AL @aﬁ%e mage WiHgubidsRprang dom thenepifiies ths
exenpkary ihtafddl tWade RH!ckeémpfa g.
3) and an elxerrpl ary AN%: 10 ogt I%yﬁ&s%ﬁ?%d%%?%ﬁfh?@ﬂ%eﬁ ﬁg? grélgu%g%gg@
pressure i ssypleoy u@dlaﬁsbeamdgquoﬂnaba sy$temp. actoridingt toethe alssdribadttechniqees @filbe

nd a di p S0PaPRERT RS ind: BRI S8R ey MO WEF b Rfluce”

of the disclosed enbodlnent, the peak 505 and the dip 507 are nore
pronounced than the peak 203 and the dip 205, respectively. This result
enables MAD/ LMD information to be transmtted 15 nore accurately and at a
hi gher transmi ssion rate than is possible by using a sinple signal
addition as illustrated in Figure 3 or by enploying a band-pass or

hi gh-pass filtering schene. Sharply defined peaks and di ps enabl e MAD/ LMD
information to be transmtted nore accurately and at hi gher transm ssion
rates because the MADY LWD information is, in the disclosed enbodi nent,
encoded within the pul se position of the transmtted pul se 501. Thus, 20 a
sharply defined pulse is less likely to be obscured in the noisy
environnment of a drilling operation than a pulse in a conventional MAD
"LWD signal systemand the anplitude of the



transmtted pulse 501 is not effected by the pulse width or the desurger
153. Figures 6 and 7 are diagrans showi ng additi onal exenplary inputs and
out put s ofwblg46s48C 181 of the di scl osed enbodi nent pl ott edpdmusddrsnsof
pressure as a function of tinme. In 25 Figure 6, a primary input signal 307
and a reference input signal 319 are processed by the ANC 181 (Fig. 2) to
produce a ANC out put signal 401. Note the sharply defined peaks and dips
in the ANC out put signal 40 simlar to thd4sharply defined peaks and dips
of the ANC output signal 503 in Figure 5. Figure 7 shows an exenpl ary

dual - channel WD system Like Figure 6, a primary input signal 703 and
a reference signghwiﬁgc%&ghprocessed 30 by the ANC 181 to produce a ANC

out put signal 707. e out put signal 707 also includes sharply defined

peaks and di ps. Use oA methhd afi dANEio tedethetsi GN@illiag W df@fg dfiBinkakkfitions,
recovery of MAD/ LWD, dat a.?]fy\o 01/ 46548 PCT/ US00/ 42725 13 The foregoi ng
- of

di scl osure SHBPIFREPF SEPY the various enmbodi ments are illustrative and
expl anat®ry ther eof, gem@raﬁﬁgiaoaﬁuﬁlbaﬂﬁaspr&guﬁehﬁu&eﬁ%ilﬁ}ré Wk a@QnsgxIe | uj es
er an

of the ANC, the organization of_tﬁe conponent’s, and the or I 'm ng
of steps taken. RIeMeRE|trangducerrreding agatpatrdam wiveling tiansrogted pubse; syst em may be

e i {hout depart I OPAGSBRELD il 05 7 ARUSH! LR, LSS0, o e

exenplary systemis scribe

system it shal | trdmsmittdepiscoad tHehptimarystysis@uten @ad pib di@irigOa tphighahe SiphhlbBEed

techni ques can be i %Fgm%n ed in a variety of other _drilling systens that

enpl oy MAD/ LVWD t@@ﬂﬁ%‘% & edf/ﬁl?”@f_ﬂ‘ esng i . EFE‘?E%?“%PM&AI MB: What we

claimim 1. A methodie@dctifletRe irhiGhitied SURL faY e refirbhdel Rghshlids: %nﬁlllilfréﬂxgingl a4
ri ui

drilling operations, conprising the steps of 5 generating a I ng
pressure pul se i$cndgnrwetbbescd gnpr thealsiersf transmpiftedrpulye;andnsducer creati ng

an upstreamtravelingn&iﬁqrggs' pulse. in e transmtted pul se
and a reflected pul se %o r sggﬁ%ﬁ%gsép%(L)@ﬁ?"}eb%%dfg;ﬁdsnmgtd{fgeéenﬁﬁI segw%f: tﬁﬁé?gmary
primary transducegnahaa the ceemidary gl itorpenerase gmadaphias adise dpaBlet haNdgbephed
transmtted pul ssclagn%pd the detected refl ected pul se;

15 2. The method of claim 1. wherein the successive signal is the secondary signal.

3. The method of claim 1, wherein the ANC output signal comprises an ANC
output pulse with a sharply defined peak at a leading edge of the ANC output pulse and a
sharply defined dip at a trailing edge of the ANC output pulse.

4. The method of claim I, wherein the reference transducer is located at a point

20  where the transmitted pulse is reflected.

5. The method of claim 1, wherein the successive signal is also modified based
upon a difference between a previous primary signal at the primary transducer and a previous
secondary signal at the reference transducer.

6. The method of claim 1, the modifying step comprising the steps of:

25 | calculating a fit between the primary signal and the secondary signal;
calculating weighting coefficients based upon the fit; and

modifying the successive signal based upon the weighting coefficients.



10 detecting the transmtted pul se at the reference transducer and
produci ng a secondary signal based upon the detected transmtted pul se;
and nodi f wogr/gessgiccessi ve signal based upon a difference lpetrwsensibhe
primary signal and the secondary signal to generate an adaptive noise
cancel er (ANC) output signal. 15 2. The nethod of claim1l, wherein the
successive signal is the secondary signal. 3. The nethod of claiml1,
wherein the ANC out put signal conprises an5ANC output pulse with a sharply
defined peak at a | eading edge of the ANC output pulse and a sharply
defined di p at a7trai Thewpethddof claimhe vANEioubhpuweightihg eoefdcierth areneildubided by
claim1, whegreint ef erence .t.ransducer is located at a point 20 where
the transm e%%‘%&hgg{?lw¥% E@Eﬁ@ﬁ. 5. The method of claim1l, wherein the
successive signal is also nodified based wupon a difference between a
previous primary_signal at the primary transducer and a previous secondary
signal at the re¥erent® PEhRd @ficlim ' whereinihe weightioe egelisientsare, calqwated by
modi fyi NG - SiehsAREi Db R S BFERRLS) type 5% ulating a fit between the
primary signal and the secondary signal’; calculating weighting coefficients
based upon the fit; and nodifying the successive signal based upon the

wei ght i coeffigi ent 46548 PCT| US 725 15.7. e net hod_of.
claim Gprher ei n§'t he ‘\%éi Ag/ﬂ?{"?‘#/g 008t FtTEt gﬁég ’g’éu i & W“WE&HE“@‘FI%
| east squarBsllagJopgingsWhie-Dhititng M WEHL WD cdysier, Gomphaigi n t he wei ghting
coefficients are calculated b means of a recursive | east squares (RLS)

type algorithm 5 9. 2AFFCHEASt i/e\?g EE Blmdemadulealcralpyate & ditj basgd upon” a
Measur enent - Whi | @freihdd bl G0t Wiche Bitdsbbiitind WY 14
conprising: a recursive |east sgﬁa?gé '%LS) WSEJPEH%O ca#cu é@%§g§$%fmgé%ed
upon a di ff er erféBedisk Memangd psdcardayy siggaladorsperdioredha gansmited passfomtaed
pul se apd a ref | ; a secondary signal corresponding to the
transmtted puIggﬁﬁ%gﬁygﬁd%%xﬁggerence transducer; and

an adaptive finite impulse response (FIR) filter to modify a successive signal

based upon the fit and to generate an ANC output signal.

10. The ANC of claim 9, wherein the successive signal is a secondary signal.

11. The ANC of claim 9, wherein the fit is also based upon a fit between a
15 difference between a previous primary signal corresponding to a previously transmitted pulse

and a previous secondary signal corresponding to the previously transmitted pulse.

12. The ANC of claim 9, wherein the ANC output signal comprises:
an ANC output pulse with a sharply defined peak at a leading edge of the
ANC output pulse; and
20 a sharply defined dip at a trailing edge of the ANC output pulse.

13. The ANC of claim 9, further comprising:
weighting coefficient generation logic coupled to the RLS module for
computing weighting coefficients based upon the fit between the primary signal and
the secondary signal; and
25 weighting coefficient application logic coupled to the adaptive FIR filter for
modifying the ANC output signal based upon the weighting coefficients.



an adaptive finite inpul se response (FIR) filter to nodify a successive
signal based upon the fit and to generate an ANC out put signal. 10. The
ANC of cl ay¢mDsesyerein the successive signal is a secondapyraisgnsr2s 11.
The ANC of claim9, wherein the fit is also based upon a fit between a 15
di fference between a previous prinmary signal corresponding to a previously
transmtted pul se and a previous secondary signal corresponding to the
previously transmtted pul se. 12. The ANCI®f claim9. wherein the ANC

out put signal conprises: an ANC output pulse with a sharply defined peak at
a | eadi ng edge of4.t heTheANSCoaf plaim pidl, seherandh@ Gvedghsing ropkffictbafsi are chaskidoupdn a

trailing edge_of the AN t put pul se. 3, The ANC .of claim9, further
conpri si ng:Y Wi agﬁ?t%mrpdlt%%eﬁ?eg?rgﬁ%y égr?élr%fgait%sqc@éﬁfy U8t ed to the RLS

nodul e for conputing weighting coefficients based upon the fit between the
primary signal and the secongary signal ;. and 25 wei ghting coefficient

appl i cation | ogile: coulficetN oot KBim fhgyhepain ph fitj hefweens e primagy fsignaly andhgheaNC

out put si gngé nlagl?esql PR bak UM 290kt QhaRQed ficients. WO 01/ 46548
PCTI USOCO 427205 6 %4. The Algce’:ﬂgf cl gtﬁlm 1?? wherein the wei ghting

coefficients are based upon phase and anplitude of the primary signal and
t he secqndary si,gnhal .~ 15.,;4h NC.of claim9 wherein.the fit tween the
pri marygsi gnal al%d tk;rehje Ag\é%_gg 2y 1 ’i‘&lﬁeﬁmi@ée lﬁiséé@uaﬁ?fgkﬁ I%qu‘élg@fé)gﬁﬁ’ﬁ?@s(’f% t.
5 16. The AtlirsiVe ehstishuatss (RUSBtenlddrghheast squares fit is cal cul ated by
means of a recursive |east squares (RLS) type algorithm 17. A

conput er -readabl e nmedi um used for storing adaptive noi se cancellation

(ANC) software, jthe ANGo#@hlRa8aH10 TR dish NGed qgg%tofri‘ﬂ% dp@l%lt?\fét hé]ge ncBilation
primary transducer a transmtted pulse and a reflect 0 pul'se an

produci ng &APIC)saftyars gaaiNC softkart epmpesiagt i ng at a reference transducer
cal cul ating a 11t bersger (RESHF Mo RuRSTERSRc: B nBued By o8 g rofected
10 pulse and producing a primary signal;
code for detecting at a reference transducer the transmitted pulse and
producing a secondary signal;
code for calculating a fit between the primary signal and the secondary signal
to create a linear relationship between a first plurality of points of the primary signal
15 and a second plurality of points of the secondary signal; and
code for creating an adaptive noise cancellation (ANC) output signal by

processing a successive signal based upon the fit between the primary signal and the

secondary signal.

18. The computer-readable medium of claim 17, wherein the successive signal is

20 the secondary signal.

19. The computer-readable medium of claim 17, further comprising:

code for calculating weighting coefficients based upon the fit between the
primary signal and the secondary signal; and

code for adjusting the ANC output signal based upon the weighting

25 coefficients.

20. The computer-readable medium of claim 19, wherein the fit is also based upon

a fit between a previous primary signal and a corresponding previous secondary signal.



to create a linear relationship between a first plurality of points of the
primary signal 15 and a second plurality of points of the secondary
si gnal ; amb ¢éessf Or creating an adapti ve noi se cancel | ati egT(UANA272aut put
signal by processing a successive signal based upon the fit between the
primary signal and the secondary signal. 18. The conputer-readabl e medi um
of claim17, wherein the successive signal is 20 the secondary signal. 19.
The conputer-readabl e medi um of claim 17,1Further conprising: code for
cal cul ating wei ghting coefficients based upon the fit between the primry
signal and the secondary signal; and code for adj usting the ANC out put
si gnal based up t he~wej coef.fici 0, The ut er - r eadabl e
medi um of cl ai m“19, heerceol(lyrpu Qe%dzgle me%f]g’o ‘é'én&lzl é Reregl e Mot %ﬁu%on
previ ous prohasy andsinghiaddeait thesprivadrly epmaindidiie wceuda@jusgmwndary signal. WO
01/ 46548 PCT/ USQQ 42725 17 21. The conputer-readabl e nedi um of claim 19,
wherein the fit is based upon phase and anplitude of the primry signal
and the secondany. si qmalcomphter-IoRiabRREiGRH SEASEPS, %&hﬂ%@fcaﬁhﬁhg& 5P the
wherein the calcuiation of the weighting coefficients is perforne
means of a Welgsingsqelicientsds penfarmeby 3n28s offhlsagoaparesaigordbmabl e nedi um of
claim 22, wherein the | east squares algorithmis a recursive |east squares
(RLS) type al gorithm

23.  The computer-readable medium of claim 22, wherein the least squares

algorithm is a recursive least squares (RLS) type algorithm.



