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AN OVERVIEW OF ACOUSTIC TELEMETRY 

D. S. Drumheller 
Sandia National Laboratories 

Albuquerque, New Mexico 

Abstract 
' Acoustic telemetry has been a dream of the drilling in- 

dustry for the past 50 years. It offers the promise of data 
rates which are one-hundred times greater than existing tech- 
nology. Such a system would open the door to true logging-. 
while-drilling technology and bring enormous profits to its 
developers. (The oil and gas industry has led in most of the 
attempts to develop this type of telemetry system; however, 
very substantial efforts have also been made through govern- 
ment sponsored work in the geothermal industry. None of 
these previous attempts have lead to a commercial telemetry 
system.) 

~ Conceptually, the problem looks easy. ,The basic idea is to 
produce an encoded sound wave at the bottom of the well, let 
it propagate up the steel drillpipe, and extract the data from 
the signal at the surface. (Unfortunately, substantial difficul- 
ties arise.' The first difficult problem is to produce the sound 
wave. Since the most promising transmission wavelengths 
are about 20 feet, normal transducer efficiencies are quite 
low. Compounding this problem is the structural complexity 
of the bottomhole assembly and drillstring. For example, the 
acoustic impedance of the drillstring changes every 30 feet 
and produces an unusual scattering pattern in the acoustic 
transmission. This scattering pattern causes distortion of 
the signal and is often confused with signal attenuation. 

' These problems are not intractable.' Recent work has 
demonstrated that broad frequency bands exist which are 
capable of transmitting data at rates up to 100 bits per sec- 
ond. Our work has also identified the mechanism which is 
responsible for the observed anomalies in the patterns of sig- 
nal attenuation. Furthermore in the past few years a body 
of experience has been developed in designing more efficient 
transducers for application to metal Gaveguides. 

The direction of future work is clear. New transducer 
designs which are more efficient and compatible with exist- 
ing downhole power supplies need to be built and tested; 
existing field test data need to  be analyzed for transmission 
bandwidth and attenuation; and the new and less expensive 
methods of collecting data on transmission path quality need 
to be incorporated into this effort. .. 1 
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1 Background 
The acoustic telemetry project was initiated in 1987 to inves- 
tigate the feasibility of data transmission by acoustic carrier 
waves in steel drill pipe. This early work resulted in several 
patents, and in 1989 a licensing agreement was signed with 
an industrial partner who temporarily assumed control and 
independently funded the project. This arrangement contin- 
ued for approximately two years. Due to a need for further 
research in the physics of acoustic telemetry, the project has 
been reinitiated at  Sandia  Nat ional  Laboratories. It is 
the object of this paper to convey what has been achieved by 
this project; how this work relates to past telemetry efforts; 
and the importance of our present and future investigations. 

To understand the challenges of developing an acous- 
tic telemetry system, the reader must understand the basic 
physical principles of the problem. However, in this paper 
these concepts will not be presented in the rigorous techni- 
cal terms which can be found in the technical publications of 
this project, References [l] -[8]. Rather, these concepts will 
be presented with the assistance of a simple analogy. 

The analogy to be used is that of a piano in a concert hall. 
This analogy has all the elements of the acoustical telemetry 
problem. The data to be transmitted is represented by the 
musical score; the transmitter located near the drill bit is 
represented by the piano and the pianist; the transmission 
medium formed by the drillstring is represented by the con- 
cert hall; and the receiver at the surface rig is represented 
by the concert audience. In the analogy, the musical score, 
pianist, piano, concert hall, and audience are all designed to 
be compatible. Thus, when the pianist plays, the audience 
hears Beethoven. 

This analogy will be used first to discuss the most impor- 
tant mathematical tool in acoustics, the Fourier transform. 
The Fourier transform allows one to examine the acoustics 
problem from two points of view, the time-domain view and 
the frequency-domain view. In the analogy, the ears of the 
audience respond to the pressure waves generated by the pi- 
ano. This is the time-domain view of the music. The pianist 
views the keyboard and sees every note which is played. This 
is the frequency-domain view of the same music. Each key 
of the piano is a frequency component of the music. The 
strength with which the key is struck represents the ampli- 
tude of that frequency component. The Fourier transform is 
simply a mathematical way of changing our viewpoint from 



what the audience hears to what the pianist sees and does 
on the key board. 

The frequency domain view is extremely useful as an aid 
to characteristizing and designing components of an acous- 
tic system. This becomes clearer by examining the analogy 
further. First, the piano is a transducer. It converts the 
mechanical energy of the pianist into the acoustic energy of 
the music. Ignoring the high-frequency harmonics which give 
the piano its familiar sound, it produces fundamental tones 
ranging from about 20 Hz to 4,000 Hz, and within this range 
some keys will produce louder sounds than others. The data 
or music to  be transmitted by this transducer must have com- 
patible frequency content. Obviously, it makes little sense for 
the composer to place musical notes into the score which are 
not available on the keyboard. 

The concert hall also has its own frequency response and 
each person in the audience hears a different version of the 
music. The sounds from some keys travel through the hall 
without much attenuation and may even create an echo. 
Others are absorbed quickly. In bad concert halls this fre- 
quency distortion severely affects the ability of the audience 
to appreciate the music, and in extreme cases even the ability 
to recognize the melody. A good pianist usually recognizes 
the frequency response of each hall he plays in and adjusts 
his playing to match the hall. 

Finally, the human ear is also a transducer. Its frequency 
range is from about 20 Hz to 15,000 Hz. The best response is 
at 2,500 Hz. It also has an unusually large dynamic pressure 
range of about 120 dB and an exceptional signal processing 
system. However, diseases of the ear often reduce this fre- 
quency range to the point that the high-frequency keys of 
the piano cannot be heard. The dynamic range can also be 
reduced to a virtually useless level, so that sounds which are 
loud enough to be heard are also painful to the ear. 

Designers of pianos and concert halls must consider the 
frequency response characteristics of every component in this 
system. The human ear is the only fixed part of the system, 
and within certain bounds, the music, piano, and concert hall 
can be changed to improve compatibility. It is often difficult 
to predict the effect of these changes; that is, knowing what 
the piano sounds like in a concert hall may not help much in 
understanding how it will sound in a barn. 

In the acoustic telemetry problem the listening environ- 
ment is neither a concert hall nor a barn. It is a steel drill- 
string, and it cannot be changed. Unlike the analogy, all 
components of the system are solids, and partially because 
of this, their responses are even more tightly coupled to- 
gether. Consequently, the response of the transmitting and 
receiving transducers can only be understood by attaching 
them to a drillstring. This has important implications for 
the organization of a comprehensive telemetry project. 

The analogy differs from the acoustic telemetry problem 
in another important aspect. In the analogy, air is the trans- 
mission medium. Sound is transmitted by simple compres- 
sional waves, and only these types of sound waves will travel 
through the concert hall. In the drillstring, three types of 
sound waves can exist: 

0 Extensional waves cause axial motion of the drillstring. 
Bouncing of the drillstring in the well is natural source 
of these waves. Extensional waves are thought to be 
the best candidates for use in acoustic data transmis- 
sion. 

0 Torsional waves cause a twisting motion of the drillpipe. 
The rotary stick-slip motion of a drillstring is a natural 
source of this type of wave. Some people have proposed 
telemetry systems using this type of wave, see Refer- 
ence [9]. 

0 Bending waves cause lateral motion of the drillstring. 
A waving string or rope exhibits these types of waves. 
Unlike extensional and torsional waves, the speed of 
propagation of bending waves depends upon their fre- 
quency. 

It is normally assumed that extensional, torsional, and 
bending waves can exist independently in the drillstring. 
That is, extensional waves will travel through the drillstring 
and will not produce or react with either bending or tor- 
sional waves. This assumption is not valid. As discussed 
later, the interactions between these different types of sound 
is an important part of the telemetry problem. 

Since the design of the drillstring is fixed and since it is 
the transmission medium, the fundamental problem of the 
acoustic telemetry system is to analyze the frequency re- 
sponse of the drillstring. However, until recently this prob- 
lem has gone virtually unsolved. Why? 

One answer is the apparent simplicity of the problem. 
Drillers know that bit vibrations easily travel the length of 
the drillstring, and therefore it has been assumed that one 
simply needs to place a mechanical striker at the bottom of 
the string and hammer out a coded signal. (This is the just- 
do-it approach.) As described by Cox and Chaney [lo], this 
was exactly the method used in the first recorded attempt by 
Sun Oil Company to develop an acoustic telemetry system 
in the 1940’s. The attempt was not successful. 

It was also the method used about 15 years ago by Elf 
Aquitaine and Teleco Oilfield Services to develop the 
first commercially successful mud pulse telemetry system. 
Why did it work for mud pulse telemetry and not acoustic 
telemetry? For the answer to this question, we again return 
to the analogy and examine the musical score corresponding 
to this type of system. 

Mud pulses are created by intermittently constricting the 
mud flow with a downhole valve. The sequence is similar to 
a series of dots and dashes in a Morse Code transmission. In 
the concert-hall analogy this would correspond to the pianist 
repeatedly striking all 88 keys on the piano simultaneously. 
This requires the pianist to spread a finite amount of energy 
across the entire keyboard. This will work if the pianist has a 
lot of energy available. The advantage of creating a pressure 
spike in the mud is that a tremendous amount energy is 
available in the mud flow. The energy levels of the resulting 
pressure pulses are so high that the transmission method 
works even though only a few notes complete the trip up 
the column of mud in the well. This is a relatively crude, 
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Figure 1: Time-Domain View of Hammer Blow. 

shotgun approach to the telemetry problem, but it works as 
long as low data rates are acceptable. 

The low data rates are the result of two physical char- 
acteristics of mud. Only frequencies below about 50 Hz will 
propagate through a long column of mud, and the speed of 
sound changes with frequency. Thus highly distorted data 
pulses are received at the surface. To increase the data rate, 
these pulses must be placed closer together. Unfortunately, 
when this is done, neighboring pulses begin to run together, 
and the data sequence is lost. 

In contrast to mud pulses, acoustic pulses in the drill- 
string are generated with far less energy. Also the frequency 
content of acoustic pulses are generally skewed towards the 
higher frequencies. Both of these factors contribute to weak- 
ening the acoustic pulse to  a point that it cannot be detected 
after traveling only a few thousand feet in the drillstring. 
Phrased in terms of the analogy, this means the musical 
score is incompatible with the rest of the system. To un- 
derstand why this happens, the response of the drillstring to 
a hammer blow will be examined more carefully. 

Figure 1 illustrates the time-domain view of a typical 
hammer blow. The vertical scale is a pressure level in the 
steel drillstring. The pulse lasts for a fraction of a millisec- 
ond. The frequency-domain view of the same pulse is shown 
in Figure 2. This figure shows that most of the energy is 
contained in frequencies above 1,000 Hz. 

If the drillstring is viewed as a simple conduit for this 
sound, the drillstring might be conveniently pictured as a 
unform steel rod. The pulse from a hammer blow will prop- 
agate though such a rod with a constant speed and with a 
constant shape. These time-domain and frequency-domain 
illustrations then represent the characteristics of the wave 
at  any point in the rod. In addition, if a small amount 
of viscous attenuation is present, the amplitude of the ham- 
mer blow will simply diminish as it propagates, but the wave 
shape and relative amounts of the frequency components will 
remain approximately constant. This picture is the most 
commonly accepted view of the acoustic telemetry problem. 
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Figure 2: Frequency-Domain View of Hammer Blow. 

Unfortunately, this over-simplified picture is extremely 
misleading. As the early results of this project illustrate, 
real hammer blows in real drillstrings do not result in this 
kind of response at all. The first complication which arises 
is that unless the hammer blow occurs exactly at the top or 
bottom end of the drillstring, two pulses are generated. One 
pulse travels up the drillstring while the other travels down. 
If the hammer is placed near the bottom of the drillstring, 
the downward traveling pulse will quickly reflect off the drill 
bit and follow directly behind or possibly overlap the leading 
upward-traveling pulse. This results in an unwanted echo of 
the original pulse. In a similar fashion, if the receiver is near 
the top of the drillstring, the two pulses will pass the receiver, 
reflect off the top of the drillstring, and pass the receiver 
again. This process will continue creating more echos until 
attenuation weakens the echos to an undetectable level. 

This is a universal problem in acoustics. For example, 
manufacturers of audio loud speakers deal with this prob- 
lem all of the time. Backscatter off the speaker cone as 
well as room acoustics can create echos which severely de- 
grade the performance of the system. The usual solution to 
this problem is to place the loud speaker in a cabinet which 
traps and absorbs the sound waves coming off the backside of 
the speaker. Then the speaker cabinet is placed in a highly 
absorptive listening room. In our analogy, this problem is 
handled through proper design of the concert stage and the 
audience arena. 

In the time-domain view, echos create false pulses which 
are indistinguishable from and confused with the true data 
pulse. In the frequency-domain view, the echos also create 
a very characteristic pattern. Figure 3 shows the resulting 
pattern when the pulse illustrated in Figure 1 rings back and 
forth in a rod which is 1000 feet long. The two initial pulses 
are generated 45 feet from one end of the rod, and the signal 
is measured 18 feet from the other end of the rod. 

For reasons which will become evident later, the fre- 
quency scale in Figure 3 is restricted to 1,500 Hz. However, 
it is still easy to see the dramatic differences which exist 
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Figure 3: Frequency-Domain View of Echos. 

between the results with echos, Figure 3, and the results 
without echos, Figure 2. The echos increase the amplitudes 
of some of the frequencies by nearly a factor of 10. Other 
amplitudes are nearly zero. This forms a pattern of tightly 
spaced spikes in the frequency spectrum. The spacing be- 
tween the spikes are quantitatively related to the total length 
of the rod-longer rods exhibit more closely spaced spikes. 
Broader cyclic patterns, about 100-Hz and 200-Hz wide, are 
also present in this figure. These patterns are related to the 
positions of the transmitting and receiving transducers on 
the rod. The significant points to remember are that these 
patterns result from echos alone; that the patterns are af- 
fected only by the length of the rod and the positions of the 
transducers; and that the patterns do not result from any 
peculiar characteristic of the material or internal structure 
of the rod. 

These patterns have been observed in field tests on drill- 
strings, References 111 and [ll]; however, their significance 
has not always been appreciated. This is best illustrated by 
the patent of Sharp and Smither [ll]. This patent mistakenly 
identifies the echo pattern as a "fine-structuren characteris- 
tic of the drillstring. It attributes the pattern to small-scale 
effects of pipe threads, etc. The result of this mistake is a 
complex modulation circuit designed to generate an acoustic 
signal to bridge the spikes. 

As illustrated above, a uniform rod with little attenuation 
can produce a complex frequency-domain pattern resulting 
from echos. However, the actual drillstring is not a uniform 
rod. The drillstring has periodically spaced threaded cou- 
plings called tool joints. These tool joints also cause echos 
which correspond to additional unique patterns in the both 
the time-domain and frequency-domain views. To illustrate 
these patterns, the last calculation is repeated using a drill- 
string with a periodically changing cross-sectional area in- 
stead of the uniform rod. 

The time-domain response is shown in Figure 4. The 
original pulse has evolved into a long train of waves. Many 
of these waves are echos, but some are the various scattered 
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Figure 5: Frequency-Domain View of Drillstring Response. 

frequency components of the original pulse. A more careful 
analysis shows that one effect of the tool joints is to produce 
a sound speed which is highly dependent upon frequency. 

The frequency-domain view of this same calculation is 
shown in Figure 5. Whole bands of frequencies are blocked 
by the tool joints, but other bands are allowed to pass through 
the drillstring. In terms of the analogy, the effect of plac- 
ing the tool joints in the drillstring is like placing a screen 
between the piano and the audience which blocks the notes 
from the even-numbered octaves on the keyboard but allows 
the notes from the odd-numbered octaves to pass through. 

The combination of all of these effects results in a com- 
plex transmission problem. Fortunately, this telemetry prob- 
lem has one advantage which is also its most unusual feature. 
That advantage is the exceptionally good correlation be- 
tween theoretical predictions of the drillstring response and 
actual field-test measurements. Figure 6 obtained from [l] is 
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Figure 6: Frequency-Domain View of Field-Test Response. 

just one of many examples. These are data from a 900 foot 
drillstring in a mud-filled well. The vertical dotted lines are 
the calculated boundaries of the passbands. Both the pass- 
band pattern produced by the tool joints and the spike pat- 
tern produced by the echos are clearly evident. Energy in 
the second, third, and fourth passbands is present. Some 
energy can also be seen in the fifth passband. 

Other examples, illustrate that the measured effects of 
attenuation can be predicted. When conditions in the field 
test are changed to  increase attenuation, the spike pattern 
diminishes. 

It is now clear why the original attempts to develop an 
acoustic telemetry system failed. A pulse mode of transmis- 
sion was used which spread a limited amount of energy over 
a broad band of frequencies. Next echos dispersed the waves, 
and diluted the energy to even lower densities. Finally, the 
drillstring blocked large bands of the acoustic energy. 

An obvious answer to this problem is to concentrate the 
energy of the data transmission into one of the passbands of 
the drillstring. Some of the passbands in Figure 5 appear to 
be better transmission paths than others, but this is just an 
artifact of the calculation. A comparison to Figure 3 shows 
that the fourth passband at 950 Hz and the fifth passband at 
1,200 Hz are both located at frequencies with low acoustic 
energy levels. By shifting the positions of the transducers 
several feet, the measured energy in these passbands would 
increase to the same levels as the lower passbands. Of course 
imperfections in the drillstring effect the quality of transmis- 
sion. As short lengths of pipe are added to the drillstring, 
the highest passbands in these examples diminish in width 
and holes sometimes develop in the interior of the passband. 
However, given some moderate control over pipe-length tol- 
erance, any one of the first five passbands appears to be a 
candidate for acoustic telemetry at data rates in excess of 
50 bi tslsecond. 

Project resources are presently focused on the development 
of a surface simulation facility. Several different sizes of oil- 
field drillpipe and diamond-coring drill rod will be assembled 
at this site. Up to 600 feet of drillstring will be horizontally 
supported. Data will be acquired and digitized on site. Real- 
time signal processing with data-feedback capabilities will be 
developed. 

Several types of transducers are available for this work. 
Semiconductor strain gages and accelerometers are commer- 
cially available. Specialized ferroelectric transducers have 
also being designed and fabricated, see Reference [6]. Digitiz- 
ing rates will normally be under 10,000 Hz, and a commercial 
computer workstation will be used for the data-acquisition 
and signal-processing platform. 

This facility will be used to investigate the two impor- 
tant drillstring physics issues which are at the center of the 
commercial feasibility question-what is the ambient acous- 
tic noise level in the drillstring, and what is the attenua- 
tion level in the drillstring? Ultimately the answers to these 
questions will be found in measurements from the drilling 
environment, so what role will a surface simulation facility 
play? 

Noise measurements on operating drillrigs have been made 
by several companys. Most results are proprietary. High 
noise levels are confined to frequencies below 50 Hz, and as 
one might expect, they decrease rapidly with increasing fre- 
quency. Noise levels in the torsional-wave mode are signifi- 
cantly higher than noise levels in the extensional-wave mode. 
Also, much of the data are restricted to measurements in the 
first passband, and all of the data are surface measurements 
taken in the region of the drive kelly. 

Sub-surface noise measurements are complicated, requir- 
ing specially designed and calibrated transducers. Downhole 
recording capability is also necessary. The surface simula- 
tion facility will be use to test and acoustically calibrate 
transducer designs and memory-tool housings for this field 
system. 

The surface facility will play an even larger roll in the 
investigation of signal attenuation. Past attempts to model 
the attenuation mechanism have lead to unsatisfactory corre- 
lations to observations. For example, Reference [9] predicts 
attenuation levels for extensional waves which are more than 
ten-times greater than measured values. This work also pre- 
dicts that attenuation will disappear if the drillstring is re- 
moved from the mud in the well. However, tests indicate that 
measured attenuation levels for drillstrings in wells are simi- 
lar to measured attenuation levels in drillstrings horizontally 
supported in air. This suggests that the attenuation mech- 
anism is intrinsic to the structure of the drillpipe, and that 
it can be characterized through experiment on the drillpipe 
alone. 

Recent analysis suggests a likely candidate for the mech- 
anism which dominates the signal attenuation process [4]. 
It is hypothesized that attenuation results from the inter- 
action between the three types of waves which can exist in 
the drillstring. In perfectly straight pipe these waves do not 
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interact. The interaction is also negligibly small in drill- 
strings which are slowly curved by the path of the well. How- 
ever, curvatures which change quickly over a distance of 5 
to  10 feet, cause extensional waves to couple to both tor- 
sional and bending waves with sufficient strength to cause 
the observed loss in acoustic energy. 

This type of curvature is fabricated into the drillstring by 
the hot-rolling process used to manufacture the hollow tube 
forming the body of each section of drillpipe. The result is 
a tube with an inner surface that follows a helical path and 
a wall thickness that varies by about 12 percent along both 
the circumference and the length. The proposed attenuation 
model suggests that as an extensional wave travels through 
this slightly crooked pipe, it sets up small bending and tor- 
sional vibrations which draw energy from the extensional 
wave. This weakens the extensional wave which carries the 
data signal and converts its energy into incoherent bending 
and torsional vibrations. 

The surface facility will be used to study this attenu- 
ation phenomena in different sizes of drillpipe. Diamond- 
coring drill rod will also be studied. It is manufactured by 
a different process which results in a tighter control on the 
wall thickness. Measurements of all three types of waves will 
be made. These results will be compared to the theoretical 
predictions. 

This comparison is of more than just academic interest. 
The theory suggests that frequency bands with low atten- 
uation exist. Correlation of the location of these frequency 
bands to the size and type of the pipe and possibly even the 
manufacturer is of extreme practical importance. 

In addition to addressing these physics questions, the 
simulation facility will be used to test several important com- 
ponents of telemetry hardware. To explain this effort, a short 
digression is necessary to review a few concepts relating to 
data modulation. 

When data is transmitted by a sequence of pulses, the 
data is said to be pulse modulated. As the previous section 
illustrates, pulse modulation is a broadband method which 
is not a particularly good method to use for acoustic teleme- 
try. Unless extremely low frequencies and data rates are 
employed, the drillstring will block much of the telemetry 
signal. 

Other modulation methods are more appropriate. Two- 
tone frequency modulation is an example. In the concert-hall 
analogy, two keys on the piano are used to transmit data. 
One key represents a dot and the other key represents a dash. 
Two adjacent frequencies can be selected from one of the 
passbands. This allows a concentration of the energy supply 
to a narrow band at the center of one of the passbands, and 
by selecting two frequencies with approximately the same 
propagation speed, signal distortion is reduced. 

This seems simple enough; however, difficulties arise be- 
cause of the potential for echos in the system. As Figure 2 
illustrates, a single tone can easily fall at a frequency which 
is partially or even totally nulled by echos. One way to 
greatly reduce this problem is to reduce the number of echos 
in the system. As a start, the backscatter off the downhole 
transmitter can be eliminated by employing a transmitter 

which only generates upward traveling wavesFSimilar ad- 
vantages accrue if the receiver measures waves which travel 
up the drillstring and ignores waves which travel down the 
drillstring. Patents [5] ,  [7], and [8] disclose several methods 
for designing transducers which project signals in only one 
direction and receive signals from only one direction. Models 
of these devices have been built which are 100 to 1000 times 
more sensitive to waves traveling up the drillstring as op- 
posed to waves traveling down the drillstring. Combinations 
of these devices have also been used to sense echos based 
upon a direction-of-propagation criterion and then generate 
a cancellation signal. 

The surface simulation facility will serve as a full-scale im- 
plementation of these devices. The full-scale devices will op- 
erate at much lower frequencies than the scale models. This 
will allow a more careful development of signal-processing 
algorithms to optimize their performance. This work also 
leads directly into a simulation of a repeater assembly. 

To be effective the transducers, power supply, and elec- 
tronics of a repeater must be housed in an assembly which 
is relatively transparent to the transmission of sound. If 
not, placing a repeater in the drillstring will be like placing 
a brick wall between the stage and audience in our concert 
hall. Therefore, sound must travel from the drillstring and 
into the repeater to be measured. Then the repeater must 
generate an upward traveling signal which will leave the as- 
sembly and reenter the drillstring. Building this tool requires 
sophisticated analysis and careful prototype testing in a full- 
scale drillstring. 

Finally, the entire telemetry process hinges upon the effi- 
cient use of available electrical energy. Reliable downhole 
generators are currently limited to about 100-W output. 
Also, if repeaters are required, they must be compatible with 
drilling procedures, few in number, and battery operated. 
Thus the efficient conversion of electrical power to acoustic 
power is necessary. 

Ferroelectric ceramics are simple efficient transducers. 
They are the material of choice for the transmitter. Roughly 
half of the electrical energy absorbed by this type of ma- 
terial is converted into acoustic energy. Unfortunately, the 
ceramic only absorbs a small portion of the electrical energy 
flowing through it. The electrical response of the ceramic is 
capacitive, and an inductor is often placed in parallel with 
the power supply to form an oscillator. If an iron-core in- 
ductor is used, the inductor will absorb far more energy than 
the ceramic. The effective efficiency of the system can easily 
drop to one percent. 

There is an important need to investigate the efficiency 
characteristics of a variety of transducer and power supply 
designs. Acoustic output is a sensitive measurement which 
can only be performed when the transducer is mounted in a 
drillstring. 

3 Summary 
The last half century has seen numerous efforts to develop 
a commercially successful acoustic telemetry system. Un- 
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til recently, few advances have been made. Many of the 
past projects have been short term empirical studies using 
pulse modulation methods. At best, these efforts will lead 
to a telemetry system with the same data-rate limitations 
as commercial measurement while drilling using mud-pulse 
telemetry. It is clear that significant advances can be made 
only through a detailed understanding of the physics of the 
telemetry process. 

The acoustic telemetry project described in this work 
is a continuing effort which has allowed a more systematic 
long-term approach to this problem. This project has pro- 
vided significant advances in both the understanding of the 
physical processes associated with acoustic telemetry in drill- 
strings and the design of prototype system hardware. These 
advances include: 

0 Characterization of sound speeds and signal distortion 
within the drillstring passbands. 

0 Identification of the different frequency-domain pat- 
terns associated with echos and tool joints. 

0 Identification of the underlying signal attenuation mech- 
anism. 

0 Development of a high-speed computational algorithm 
and system analysis code. 

0 Application of the system analysis code to accurately 
predict field-test results and analyze prototype hard- 
ware designs. 

0 Development and patenting of directional transmitter 
and receiver hardware to mitigate echo anomalies. 

0 Scale-model testing of both directional transducers and 
active cancellation of echos. 

Future activities will center about the surface simulation 
facility. This facility will be used to gather data on: 

0 Quantification of the attenuation mechanism. 

0 Development and calibration of equipment to measure 
sub-surface drillstring noise levels. 

0 Characterization and evaluation of more efficient trans- 
ducer and power supply designs. 

0 Evaluation of directional transmitters and receivers. 

0 Evaluation of echo and signal cancellation arrays. 

0 Development of a prototype repeater. 

In conjunction with these efforts and as time, funding, and 
opportunity allows, the hardware developed at the surface 
facility will be used in the field to gather data on ambient 
noise and attenuation in the drilling environment. 

The end product of these efforts will be: 

0 A complete characterization of the physics of acoustic 
waves in drillstrings. 

0 A system analysis code which models the drillstring 
physics and the hardware associated with signal trans- 
mission and reception. 

0 Quantification of the attenuation and noise levels of 
the drilling environment. 

0 Prototype development of the critical hardware ele- 
ments of the telemetry system. 

This information will be transferred to the commercial sec- 
tor through publication of technical results and proprietary 
disclosure via the current licensing agreement. 
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